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(U )  1.0  INTRODUCTION 

(U)  Fairchild  Imaging  Systems,  Division  of  Fairchild  Weston  Systems 
Inc.,  has  completed  contract  F33615-76-C-1282  for  the 
Avionics  Laboratory.  The  primary  goal  was  to  demonstrate 
optical  penetration  of  haze-occluded  low  contrast  scenery  with 
an  imaging  system  configured  about  an  array  of  Time  Delay 
and  Integration  (TDI)  -  Charge  Coupled  Devices  (CCD) . 

(U)  With  an  electro-optical  imager,  it  is  possible  to  electronically 
subtract  the  background  due  to  haze  from  each  picture  element 
(PIXEL)  and  amplify  the  remaining  pixel-to-pixel  differences 
to  enhance  the  reproduced  scene.  In  principle,  such  processing 
can  be  carried  to  contrast  levels  which  would  be  both  invisible 
to  the  eye  and  unrecordable  by  conventional  photography. 

(U)  For  this  to  be  practical,  a  large  image  signal-to-noise  ratio 
is  required.  One  way  to  collect  the  large  signal  needed  is 
through  the  use  of  a  TDI  imager.  Such  a  TDI  CCD  detector  with  • 
a  selectable  number  of  integrations  was  developed  and  furnished 
to  the  orogram. 


-s 
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CONFIDENTIAL 


This  chip  consisted  of  rows  of  20  micrometer  photo  elements; 

1024  pixels  wide  arranged  in  columns  64  pixels  high.  The 

number  of  TDI  integrations  (1,  4,  3,  16,  32  or  64)  could  be 

£ 

selected.  The  saturation  charge  was  in  excess  of  1.0  x  10 
electrons  per  pixel  in  this  four-phase  buried  channel  device. 

An  optically-butted  focal  plane  was  made  using  6  of  these  chips 
mounted  on  a  beam-sharer  having  alternate  full-reflective  and  fuily- 
transparent  segments.  The  focal  plane  was  joined  with  a  3.66m 
(144")  focal  length  f/12  refractive  telephoto  lens  which  provided 
essentially  diffraction-limited  performance  throughout  the  silicon 
spectrum  over  a  6°  field  of  view. 

The  sensor  was  of  the  sector-scan  panoramic  type,  designed  to  be  mounted 
with  its  axis  parallel  to  the  in-track  (flight)  direction. 

Cross-track  scan  coverage  was  obtained  by  rotating  a  45°  folding 
mirror,  directed  (nominally)  at  right  angles  to  the  line  of 
flight,  about  the  in-track  axis.  Forward  Motion  Compensation 
(F.MC)  and  image  stabilization  were  obtained  through  computer- 
controlled  scan  mirror  pointing  corrections  and  focal  plane 
rotations.  Line-of-sight ,  pointing  and  scan  control  inter¬ 
active  commands  were  generated  in  the  computer  using  inputs  from 
the  airborne  inertial  navigational  system.  Pointing  and  scan 
rates  of  up  to  l°/second  were  generated  by  the  computer  based 
upon  manually  input  target  latitude  and  longitude  values  and 
aircraft  inertial  navigation  system  data. 
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An  Environmental  Control  Subsystem  was  comprised  of  Isolation 
Mounts  to  filter  out  shock  and  vibration,  a  Temperature  Control 
cf  the  sensor  and  a  Thermoelectric  Cooler  to  further  cool 
the  CCD  focal  plane .  The  Temperature  Control  subsystem  provided 
both  heating  and  cooling  to  maintain  the  total  sensor  temperature 
within  1°. 


A  real-time  autocollimator  type  of  Auto-focus  subsystem  measured 
and  automatically  set  the  "infinity  focus"  of  the  objective, 
thus  providing  optimum  focus  throughout  a  broad  range  of  temp¬ 
eratures  and  pressures.  Range  focus  differentials  were  controlled 
by  the  computer  using  data  from  the  target  deck  and  aircraft 
systems . 

The  Airborne  Video  Subsystem  consisted  of  the  CCD  focal  plane, 
exposure  sensing  diodes  and  IMC  circuitry.  Eight  CCD  chips  were 
used  in  the  focal  plane;  6  devices  to  convert  the  optical  image 
:o  an  analog  video  signal  and  2  devices  to  detect  IMC  errors  and 
supply  an  error  signal  to  the  computer.  This  focal  plane  could 
be  expanded  to  contain  18  or  more  CCD  chips. 

Array  drivers  and  logic  (controlled  by  an  end-of-line  sync  signal), 
a  1.45  clock  and  an  "integration  duration"  signal  from  the  Video 
Processor,  supplied  timing  and  control  signals  to  process  the 
image  signal  through  the  CCD  detectors  and  develop  the  serial 
video  output:  signal  transmitted  to  the  Processor  Console. 

Fifteen  exposure-control  diodes  placed  within  the  "frame" 
field  of  view  develop  an  automatic  exposure  signal  transmitted 
to  the  computer  to  set  the  number  cf  TDI  integrations  required. 
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small  inaccurate  trigonometric  functions.  Pointing  and 
stabilization  were  found  to  be  affected  by  the  relatively 
infrequent  Latitude  and  Longitude  updating  every ( 500/m-sec) 
while  computation  is  performed  every  20  m-sec.  The  un¬ 
certainties  in  the  aircraft  altitude  and  accuracy  of  the 
line  of  site  (due  to  atmospheric  refraction)  were  also  in¬ 
vestigated  and  found  to  be  potential  sources  of  excessive  error 

2. 2.4.2  Fabrication 

At  the  completion  of  the  sensor  design  around  midyear  of  1978 
the  fabrication  effort  was  in  full  progress.  Except  for  the 
optical  component  Melt  Recomputation  the  fabrication  effort  was 
fairly  routine.  As  the  assembly  and  electrical  fabrication  pro¬ 
gressed  through  the  second  half  of  '78,  subassembly  testing  was 
conducted.  Quarterly  Program  review  meetings  were  held  and  the 
pacing  items  were  the  optical  components;  specifically  the  lens. 

2.2.4. 3  System  Tests 

By  the  beginning  of  1979  the  Ground  Station  equipment:  was  completed 
and  fully  tested.  System  tests  on  the  sensor  were  started  during 
the  first  quarter  of  1979.  With  the  system  installed  on  the 
Photo  Optical  Terrain  Simulator  a  problem  was  found  while  trying 
to  me  •'sure  resolution. 

and  autcfccus  tests  indicated  a  discrepancy 
percent  between  the  actual  and  design  focus 
Mechanical  tolerance  analysis  and  optical 
justify  cr.e  quarter  of  an  inch. 


^ r. 1 ^  rasOxj::;n 
of  one  half  of  cr.e 
point  cf  the  system 
r.  ^ 1  ’  s  1 3  c  o  u  L  ci  o  r*  i  *. 
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It  was  found  that  a  lens  barrel  "bend",  between  the 
Objective  and  Barlow  groups,  of  35  microradians  combined 
with  as  much  as  a  0.001  inch  displacement  would  not 
degrade  optical  performance.  Modeling  showed  that  the  total 
bending  of  the  barrel  statically  and  dynamically  would  be  less 
than  35  microradians. 

-  Analysis  of  aircraft  window  thermal  shock  caused  by  rapid  descent 
from  altitude  was  performed.  Also  methods  for  maintaining 

an  isothermal  condition  across  the  window  interior  was 
investigated.  It  was  found  that  maximum  stress  was  developed 
near  the  center  of  the  window.  Based  on  initial  results  a 
safe  descent  time  of  one  hour  was  recommended.  Increased 
air  flow  would  reduce  this.  Further  analysis  of  the  window 
thermal  environment  are  discussed  in  Appendix  B. 

Computer  simulations,  performed  to  analyze  proposed  processes  and 
access  their  feasibility  involved; 

-  The  image  processing  algorithm,  where  the  enhancement 
procedures  were  simulated.  Unsharp  averaging,  Sharp-minus- 
Unsharp  generation,  data  compression  and  data  reconstruction 
were  programmed  on  the  computer.  Several  algorithm  variations 
were  tried  and  the  results  compared  to  determine  the  best 
enhancement  approach  for  the  system. 

-  CCD  chip  calibration  processes  were  programmed  to  simulate 
the  actual  device  and  computer  interfacing  required. 

-  Equations  of  motion  for  the  scan  and  FMC  angles  and  the 
focal  plane  rotation  were  programmed.  First  results  in¬ 
dicated  that  the  pointing  accuracy  and  stabilization  would 
be  limited  by  the  difficulties  of  working  with  very 
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-  Array  Signature  Correction 

-  Video  Amplification 

-  Unsharp  and  Sharp-Minus -Unsharp  Video 

-  Analog-to-digital  conversion  circuitry 

-  Max-Min  Detection  with  gain  and  offset  normalization 

-  Array  Timing  Logic  and  Driver  Circuitry 

-  Preliminary  1024  x  64  TDI-CCD  Signal  Processing 

-  Forward  Motion  Compensation  Signal  Processing 

-  Automatic  Exposure  Control  Circuit. 

Additional  design  studies  resulted  in  the  development  of  altered 
design  approaches  and  solutions.  Among  these  were: 

-  The  Focal  Plane  Cooling  design  was  revised  to  permit 
replacement  of  thermoelectric  coolers  without  breaking  the 
heme tic  seal  of  the  focal  plane  compartment.  Large  surface- 
area  heat  dissipators,  located  in  the  external  environmental' 
air  stream,  draw  the  heat  from  the  fixed  internal  thermo¬ 
electric  heaters  thus  minimizing  the  focal  plane  housing  heat 
rise.  Analyses  revealed  that  a  second  stage  of  thermoelectric 
cooling  was  required.  A  two-stage  thermoelectric  device 

was  therefore  used. 

-  Forward  Motion  Compensation  signal  processing  was  changed 
frcm  an  analog  system  using  Hilbert  Transform  filtering  to 

a  double  correlator  one.  An  all-digital  subsystem  using  TRW 
400  nanosecond  multipliers  was  designed  to  attain  the  accuracy 
and  long-term  DC  stability  required. 

-  An  investigation  of  the  Tolerance  sensitivity  cf  specific  lens 
element  configurations  was  made.  It  was  determined  that  three 
pairs  cf  elements  were  most  critical.  Carefully  assembling 
and  treating  cf  each  such  doublet  as  a  "single  element"  enabie< 
maintenance  of  the  tenor.’  tolerances. 
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-  Fabrication  of  the  calibration  light  source  and  temperature 
control  units  were  delayed  so  these  units  could  be  interfaced 
with  the  new  computer. 

-  The  number  of  operating  sensor  channels  were  reduced  from 

18  to  6.  All  associated  circuitry  was  comensurately  modified. 

-  The  requirement  for  the  Laser  Beam  Recorder  and  the  Dry  Silver 
Processor  was  reinstated. 

2.2.4  LOREORS  Development 

Following  the  CDR  approval,  system  design  and  detailing  for  the 
hardware  was  initiated.  Using  computer  simulation  and  breadboard 
modeling,  proposed  design  concepts  were  tested  to  determine  design 
parameters  and  to  "test"  components  in  the  proposed  configurations 

During  this  period  a  parallel  company-sponsored  IR&D  program 
was  funded  to  tailor  a  Fairchild  TDI-CCD  chip  for  LOREORS  imaging. 
A  1024  x  64  element  TDI  device  was  developed  for  low  signal 
applications.  This  image  detector  was  designed  with  the  minimum 
cell  size  capable  of  producing  the  high  signal-to-noise  required; 
a  60db  goal  was  set  near  saturation  with  a  charge  packet  level  of 
at  least  10d  electrons.  A  four-phase  CCD  configuration,  with 
20  x  20  um  photosensitive  elements  in  a  parallel  register,  was 
developed.  The  active  length  of  this  chip  is  20.48  mm  (0.806"). 

A  more  complete  description  is  given  in  the  R.  Dyck  paper  included 
in  Appendix  A. 

2. 2. 4.1  Sensor  Design 

Major  subsystem  circuits  and  processes  were  "tried  out"  in  a  pre- 
fabricaticn  form  in  order  to  minimize  final  system  changes.  Some 
of  the  processes  and  component  breadboards  were: 
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(U)  Additional  changes  requested  at  that  time  were: 

-  Changing  the  image  storage  Video  Tape  Recorder  Unit  (VTR) 
from  an  Analog  to  a  Digital  Unit. 

-  Elimination  of  the  Laser  Beam  Recorder  (LBR)  and  hence  the  Dry 
Silver  Processor  requirements  although  interface  provisions 
for  future  use  of  these  items  were  requested. 

-  An  investigation  of  the  feasibility  of  using  a  single  frame 
storage  scan  converter  with  a  high  resolution  CRT  Display  for 
a  soft  copy  output. 

-  An  initial  design  of  a  144"  focal  length  lens  to  meet  the 
system  resolution  requirements  in  place  of  a  96"  focal  length 
with  a  future  add-on. 

(U)  During  the  first  nine  months  of  this  program  the  final  definition 
of  the  system  was  developed.  Additionally  an  "In-House"  develop¬ 
ment  program  was  in  progress  for  the  LOREORS ,  TDI-CCD  chip  at 
Fairchild's  Palo  Alto,  R&D  Laboratory,  a  search  was  also  conducted 
for  critical  system  components  sources. 

M')  2.2.3  Critical  Desian  Review 

(U)  The  Critical  Design  Review  was  held  at  Fairchild  on  September  20 
through  23,  1977.  Detailing  of  subassemblies  and  parts  was 
started  and  parts  procurement  was  intitated.  Air  Force  approval 
of  the  CDR  was  received  one  month  later  on  October  20th.  As 
a  result  of  the  CDR  the  following  changes  were  incorporated  in 
the  system. 

-  An  IMS  was  being  incorporated  into  the  system.  A  GFE  system 
was  supplied. 

-  A  system  clock  was  added. 

-  A  Data  Logger  was  added;  additional  computer  capacity  and  a 
printer  were  added  to  permit  recording  of  instrumentation  data. 

-  A  Hewlett  Packard  computer  replaced  a  previously  specified 
Cata  General  Unit. 
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(C)  The  system  was  to  be  designed  for  either  digital  telemetry  direct 
from  aircraft  to  ground  station  and/or  airborne  video  tape 
recording  for  later  playback  in  the  ground  station.  For  this 
program,  an  RCA  Adviser  Series  VTR  was  proposed. 

(u)  The  ground  station  consisted  of  an  electronic  buffer,  laser 

beam  recorder,  dry  silver  processor  and  light  table  installed 
in  a  trailer.  Fairchild  proposed  to  modify  a  GFE ' d  LBR  and 
convert  the  wet  film  processor  to  accommodate  dry  silver  film. 

( U )  2.2.2  Program  Initiation 

(U)  Contract  award  was  made  in  January  1977.  Although  the  basic 

system  concept  for  LOREORS  was  accepted  as  proposed,  some  changes 
were  agreed  upon  at  the  kickoff  meetings. 


(U)  FISD  personnel  presented  a  description  of  the  sensor  geometry 

and  detailed  the  stabilization  approach  proposed.  It  was  indicated 
that  two  areas  of  concern  were  the  respective  loop  stabilization 
methods  and  the  means  for  generating  stability  reference  signals. 
The  concern  was  over  the  ability  to  maintain  an  adequate  lock 
on  the  image  throughout  a  long  exposure  with  a  full  sixty-four 
integrations.  It  was  suggested  that  the  system  utilize  dynamic 
stabilization  (i.e.;  with  computer  updating)  rather  than  the 
passive  type  of  system  proposed. 


It  was  also  specified  that  the  system  test  vehicle  would  be  a 
C-l-.l  with  flight  tests  to  be  at  40,000  and  10,000  feet.  The 
C141  has  an  inertial  reference  system  which  could  be  used  for 
sensor  stabilization;  the  Delco,  Carousel  4E  (IMS)  Inertial 
Navigational  System.  This  system  has  a  0.7  nautical-mile/hour, 
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The  proposed  sensor  assembly  rotated  radially  to  achieve  cross- 
track  positioning.  A  scanning  mirror  moved  in  the  cross-crack 
direction  of  flight  to  generate  a  "frame"  of  information.  A 
linear  array  of  CCD  photosensors  was  positioned  along  the  longi¬ 
tudinal  axis  of  the  aircraft.  The  sensor  could  be  manually 
controlled  by  a  commander  who  would  use  a  low  resolution  TV 
image  of  the  object  area  for  targeting  assistance.  This  display 
indicated  the  high  resolution  camera's  line-of-sight .  Pro¬ 
visions  were  made  in  the  design  to  implement  a  computer  directed 
targeting  system  in  the  future.  The  low  resolution  TV  "view¬ 
finder"  camera  would  utilize  a  488  x  380  CCD  device  permitting 
frame  storage  for  contrast  enhancement. 

The  proposed  sensor  employed  autofocus,  stabilization,  motion 
compensation  and  position  and  environmental  control.  The  focal 
plane  consisted  of  18  Fairchild  CCD#ISD  131-SL  die  assembled 
on  a  beam-sharer  to  form  a  contiguous  line.  The  beam-sharer 
was  98%  optically  efficient.  The  die  (photo-sensor  without  package) 
were  standard  Fairchild  1  x  1024  elements  sensors  with  selected 
performance.  The  characteristics  to  be  used  in  the  selection 
process  were  dynamic  range,  large  saturation  exposure,  low  noise 
equivalent  exposure,  low  dark  current,  uniformity  of  dark  current 
and  high  sensitivity.  These  die,  considered  non-standard  because 
of  the  selection  process,  were  available  only  to  FISD.  The  focal 
plane  was  to  be  assembled  in  FISD's  Hybrid  Laboratory. 

Beth  the  TV  "viewfinder"  and  high  resolution  electro-optical 
imager  were  to  use  analog  image  processing  to  enhance  contrast. 
Background  subtraction  and  non-sharp  masking,  were  to  be 
employed.  Data  compression  was  to  be  performed  to  convey  all 
high  and  low  frequency  scene  information  in  a  3  bits/picture 
element  data  stream. 
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as  shown  in  Figure  2 . 1-2D .  Background  subtraction,  achieved 
by  filtering  out  low  frequency  variations,  removes  signal  bias  in 
highly  illuminated  imagery  which  might  otherwise  cause  high  amplitude 
signals  to  saturate.  Amplifying  the  high  frequency  signal  enhances 
the  imagery  by  emphasizing  signal  level  changes  (see  Figure  2.1-2E). 


After  amplification  a  modified  background  level,  less  than  the 
original  level,  is  added  to  the  video  signal  (see  Figure  2 . 1-2F  )  . 

The  resultant  reconstructed  image  has  compressed  the  original 
contrast  range  allowing  reproduction  of  the  detail  in  the  range 
extremes.  However,  more  important  is  the  ability  to  image  an 
atmospherically  contrast-attenuated  scene,  invisible  to  the  eye, 
with  useable  detail. 

2.2  LOREORS  PROGRAM  EVOLUTION 

The  conceptual  configuration  for  the  LOREORS  sensor  was  originally 
presented  in  Fairchild  Imaging  Systems  Division's  (FISD)  response 
to  a  1976  request  for  proposal.  Fairchild  proposed  a  Long  Range 
Electro-Optical  Reconnaissance  System  (Proposal  No.  ED-CX-409; 
dated  26  July  1976)  advanced  prototype  sensor,  to  provide  real-time 
high  resolution  imagery  of  low  contract  targets ,  to  ground 
based  observers. 

2.2.1  ProDosed  Concent 

r 

The  electro-optical  sensor  was  a  sector. scan  panoramic  with 
a  long  focal  length  lens  (96-inch,  f/3.0).  This  was  changed  to 
144"  f/12  before  award.  The  lens  was  comprised  of  6  elements  with 
r.c  aspheric  surfaces.  This  lens  design,  corrected  for  use  in  the 
silicon  spectrum,  took  full  advantage  of  the  photodetector  response. 
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(U)  LOREORS  SIGNAL  PROCESSING 
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(U)  2.1.1  Atmospheric  Effects 

(U)  Atmospheric  effects  on  long  range  oblique  imagery  are  illustrated 
by  the  example  shown  in  Figure  2.1-1.  In  the  upper  right  comer 
is  an  oblique  scene  imaged  on  a  relatively  clear  day.  The  same 
scene,  below,  imaged  through  heavy  haze  appears  invisible  to  the 
eye.  Representative  sensor  responses  typical  of  both  scenes 
are  shown  in  Figure  2.1-1  A&B. 

(U)  The  response  to  the  original  scene,  on  a  rare  clear  day,  is  more 

extensive  than  the  range  of  the > half -tone  print;  with  sunlit  areas 
extending  into  the  saturation  region  and  cloud  shadowed  areas 
extending  to  the  background  level.  Contrast  reduction  due  to 
scattering  and  attenuation  through  a  long  slant  path  reduces  both 
the  sunlit  and  cloud  shadowed  signal  amplitudes  proportionally. 

(U)  LOREORS'  imaging  and  processing  provides  a  method  of  amplifying 
the  attenuated  signal  to  reproduce  the  original  scene  detail. 

Direct  amplification  of  the  video  image  shown  in  "B"  is  not 
possible  because  of  signal  offset  which  must  be  eliminated  prior 
to  signal  amplification. 

(U)  2.1.2  LOREORS  Signal  Processing 

(U)  The  signal  offset  is  primarily  background  which  saturates  the  image. 
This  background  level  is  removed  by  subtracting  it  from  the 
video  signal  and  restoring  the  video  zero  level  of  the  varying 
signal  to  the  electrical  D.C.  minimum,  as  shown  in  Figure  2.1-2C. 
Additional  signal  enhancement  is  achieved  by  removing  the  low 
frequency  background  signal  variations  prior  to  signal  amplification 
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(U)  2.0  TECHNICAL 

(U)  2.1  STATEMENT  OF  THE  PROBLEM 

(U)  Long  range  oblique  imaging  at  medium  to  high  altitudes  is  limited 
by  classical  photographic  aerial  reconnaissance  problems.  High- 
oblique-angle  imaging  generally  occurs  through  an  atmosphere 
where  the  object  scene  is  obscured  by  large  amounts  of  haze  and 
luminance  scatter.  Furthermore,  when  the  reflectance  from  the 
image  is  low  and  long  exposures  are  required,  the  collection 
system  must  compensate  for  image  motion,  platform  vibration 
and  vehicle  and  sensor  environmental  instability.  The  LOREORS 
solution  needed  to  penetrate  the  aerosol  while  compensating 
for  these  classical  environmental  and  platform-induced  image 
degradations . 

(U)  Electro-optical  devices  developed  by  Fairchild  Semiconductor  provide 
the  ability  to  overcome  haze  and  scatter.  These  devices,  CCD-TDI 
photodetectors,  can  gather  a  large  signal  with  a  sufficient  signal- 
to-noise  (S/N)  ratio  to  allow  average  background  subtraction  from 
the  total  signal.  With  its  sensor  system  designed  around  these 
TDI  devices,  LOREORS  will  image  long-range  targets  in  which  the 
contrast  level  is  well  below  the  detectable  limit  of  conventional 
photographic  systems. 

(U)  Resolution  and  contrast  rendition  are  the  major  requisites  for 

target  detectability  and  object  recognition  in  the  resultant  image. 
Therefore,  the  long  range  sensing  problem  is  resolved  into; 
imaging  low-contrast  'targets  with  high  resolution  while  operating 
in  a  compensated  environment,  processing  the  converted  signal 
with  an  adequate  bandwidth  and  reconstituting  the  image  for  viewing. 
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(U)  The  Ground  Station  consisted  of  a  21  Channel  High-Speed  Ampex 
HPR3000  Tape  Player,  a  Data  Processor  and  a  dry-silver  Laser 
3eam  recorder  (LBR) .  Airborne  recorder  tapes  containing 
imagery  data,  control  information  and  data  annotation  were  re¬ 
played  through  the  Tape  Player.  Nineteen  channels  were  used 
to  recapture  imagery  and  2  channels  were  devoted  to  control  data. 

(U)  Adding  Sharp  data  to  updated  Unsharp  data  in  the  Ground  Data 

Processor  recreated  enhanced  image  data.  Recomposed  annotated 
data  were  then  fed  to  a  Laser  Beam  Recorder  which  reproduced 
images  on  dry-processed  silver  film. 

*■#8^  Final  enhanced  images  showed  good  detail  in  scenes  with  original 
contrast  ranges  of  less  than  1.005:1.  Thus  the  ability  of  the 
system  to  provide  intelligence  imagery  from  scenes  having  apparent 
contrast  well  below  the  useful  threshold  of  conventional  photo¬ 
graphy  was  successfully  demonstrated. 
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(U)  The  Video  Processor  Electronics  contained  both  analog  and 

digital  video  signal  sections.  Eight  identical  channels  of 
analog  electronics  filtered,  amplified  and  conditioned  the 
video  from  each  of  the  8  (imaging  plus  IMC)  CCD  detectors. 

Because  pixel-to-pixel  nonuniformities  could  cause  variations  in 
output  greater  than  the  "information"  fluctuations,  it  was  nec¬ 
essary  to  calibrate  and  electronically  compensate  them  on  an 
individual  pixel  basis.  '  Background  subtraction  was  performed  to 
remove  the  D.C.  "haze"  level  present  in  each  image  pixel. 

(U)  In  the  digital  section  the  video  signal  was  enhanced.  A  running 
average  was  maintained  of  the  "pixel  of  interest"  minus  the  ,, 
average  of  the  8  surrounding  pixels.  This  "non-sharp-masking" 
technique  allowed  high-frequency  variations  (edges)  to  be  auto¬ 
matically  enhanced.  The  8  pixel  average  data  were  also  recorded 
in  a  compressed  form  for  use  in  subsequent  ground  station  image 
processing.  Thus  low  spatial  frequency  data  with  large  amplitude 
excursions  were  separated  from  the  high  spatial  frequency,  low 
amplitude  detail  data  and  labeled  "Unsharp  Data".  The  high 
frequency  signal  was  labeled  "Sharp  Data".  The  data  were  then 
transmitted  to  the  digital  tape  recorder  for  storage. 

(U)  The  Computer  subsystem  was  controlled  by  a  Hewlett  Packard  HP1Q00 
Computer  assisted  by  a  HP7900  disc  drive,  a  HP2645  CRT  monitor 
and  input  terminal  and  a  HP2631  line  printer.  This  Computer  was 
the  primary  system  controller.  It  contained  the  mission  plan, 
power  application  sequence,  tests  and  calibrations  of  the  CCD 
chips,  equipment  tests,  air  pressure  profiles,  target  selection, 
autofocus  correction,  generation  of  servo  position  commands, 
display  system  operation  controls ,  logging  data  commands  and 
commands  for  maintaining  the'  system  interlocks. 
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(U)  The  system  was  disassembled  and  focal  point  tests  were  made  with 
and  without  the  field  flattener  and  simulated  prism  assembly. 

In  addition,  the  mechanical  subassemblies  were  remeasured  to 
confirm  that  machining  and/or  assembly  errors  were  not  source  of 
the  problem.  It  was  determined  that  the  shift  was  caused  by  a 
0.22  inch  error  in  the  position  of  the  focal  plane  and  a  0.5  inch 
deviation  in  focus  caused  by  the  radius  and  index  variations  in 
the  optical  design. 

;'U)  A  design  study  was  initiated  to  find  the  most  cost-effective 

erfective  solution.  It  was  determined  to  shorten  the  aft  section 
of  the  lens  barrel.  This  necessitated: 

a)  Disassembly  of  the  system  down  to  the  lens  barrel  assembly. 

b)  Cutting  off  the  aft  lens  barrel  and  machining  a  pilot  surface 
for  an  insert  flange. 

c)  Machining  an  insert  flange. 

a)  Installing  the  insert  flange  on  its  aft  barrel  and  final 
machining . 

e)  Reworking  the  isolation  mounting  pads. 

f)  Cutting  a  section  out  of  the  center  of  the  thermal  shroud 
and  rewelding  the  two  halves. 

g)  Reassembling  the  entire  system. 

^£iU>"<rhe  remaining  system  tests  encountered  the  "normal"  run  of  debug 
tasks  such  as: 

Preliminary  low  contrast  imaging  test  were  made.  Performance 
was  limited  to  1.05:1  contrast  targets  by  noise  levels  in  the 
imagery  inconsistent  with  the  measured  system  noise  levels. 
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Investigations  showed  that  considerable  spatial  noise 
was  being  inserted  by  the  test  collimator. 

The  collimator  light  source  was  removed  and  the  noise 
contribution  of  the  collimator  source  corrected. 

Investigations  made  to  improve  the  CCD  calibration  accuracy 
led  to  two  changes.  First,  the  timing  between  the  selection 
of  level  of  integration  and  the  collection  of  video  calibration 
data  was  found  to  be  marginal  and  was  increased.  Second, 
the  number  of  video  samples  collected  for  calibration  was 
increased  from  32  to  128  to  minimize  the  effect  of  noise. 


Investigations  of  the  calibration  accuracy  further  uncovered 
a  procedural  problem  with  the  dark  signature  correction 
alignment  procedure.  The  dark  signature  of  a  small  number  of 
pixels  on  each  CCD  is  lower  than  the  signature  of  the  masked 
reference  pixels.  Biasing  the  lowest  of  these  dark  pixels 
to  ground  (rather  than  to  the  masked  reference  pixels)  led 
to  gain  offset  variations  as  integration  levels  we_e  changed. 
The  alignment  procedure  was  corrected  to  elminate  these 
variations . 

Two  A/D  converters  were  found  to  be  defective.  Newly  published 
application  notes  from  the  manufacturer  prescribed  limitations 
on  the  soldering  time  and  temperature  during  printed  circuit 
board  installation  of  these  devices.  Since  these  limitations 
are  more  stringent  than  Fairchild  standards  for  normal  pc 
board  installation  and,  in  addition,  were  considerably  more 
restrictive  than  installation  standards  normally  associated 
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with  this  class  of  device,  it  was  suspected  that  the  rash 
cf  A/D  failures  were  the  result  of  the  newly  -  published 
fabrication  restrictions  being  exceeded  during  assembly. 

During  system  test,  the  light  signature  correction  was  found 
to  be  accurate  to  only  one  percent  instead  of  the  design  goal 
of  cne-tenth  of  one  percent.  Investigation  of  the  signature 
correction  subsystem  uncovered  an  error  in  the  signature 
correction  algorithm.  The  error  was  corrected  and  the  light 
signature  correction  error  was  reduced  to  approximately 
three-tenths  of  one  percent. 

A  fifteen  degree  skew  in  the  system  imagery  was  traced  to 
misalignment  of  the  sensing  head  and  scan  head  and  unbalance 
of  the  sensing  head  due  to  removal  of  the  sensing  head  stops. 
The  stops  were  replaced,  and  the  sensing  head  was  rebalanced. 

LBR  hard  copy  of  low  contrast  imagery  exhibited  streaking 
along  the  scan  direction.  Investigation  showed  this  was  due 
to  errors  generated  in  the  unsharp  mask.  The  problem  was 
tracked  to  erroneous  data  transfer  from  card  to  card  by  the 
low  power  schotky  logic.  Reduction  of  loading  on  data  lines 
and  the  addition  of  buffers  on  the  clock  lines  eliminated 
the  problem. 

.2.4.4  System  Delivery 

ystem  tests  were  completed  during  December  of  1979  when  the 

irbcrne  system  was  shipped  to  WPAF  for  installation  into  the 

urcraft  and  the  start  of  flight  tests. 
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The  Ground  System  was  held  until  early  February  to  incorporate 
some  final  changes  and  to  allow  some  additional  image  testing 
and  evaluation. 

2.3  FLIGHT  TEST  PROGRAM 


The  flight  test  program  was  conducted  as  scheduled  during  the 
second  quarter  of  1980.  With  the  assistance  of  Air  Force 
personnel  the  system  was  preflight  tested  and  mounted  in  the 
C141  aircraft  for  operational  tests.  The  initial  problems 
encountered  were  related  to  the  targeting  of  the  system. 

Imaging  data  were  obtained  from  the  first  mission.  Because 
of  the  complexity  of  this  system  (and  with  the  advantage  of 
hindsight)  it  is  believed  that  a  pre-test  flight  checkout  program 
would  have  improved  the  overall  results  of  the  flight  test 
program. 

The  final  results  of  the  LOREORS  tests,  obtained  as  a  result  of 
the  evaluation  of  imagery,  demonstrate  that  the  system  succeeded 
in  its  purpose.  High-resolution  imagery  possessing  sufficient 
detail  for  the  detection  and  recognizability  of  selected  targets 
at  long  ranges  was  obtained  under  conditions  of  extreme  haze. 
Enlargements  of  target  areas  show  that  the  resolution  and  enhanced 
gray  scale  provide  the  image  acuity  required  for  tactical  target 
detection  and  object  interpretation.  Examples  of  the  photography 
and  the  contrast  rendition  are  shown  in  Appendix  C.  Typically, 
a  roadside  household  mail  receptacle  can  be  recognized  and  easily 
identified  from  an  enlarged  reproduction  imaged  at  an  altitude 
of  31,000  feet,  at  a  slant  angle  of  60  degrees  penetrating  haze 
levels  from  a  range  of  ten  nautical  miles. 
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(U)  As  suggested  above,  these  results  were  not  obtained  without 
some  initial  difficulties.  The  original  flight  plan,  with 
missions  all  over  the  United  States,  had  to  be  scrapped  because 
of  the  operational  problems  encountered. 

(U)  Equipment  failures  and  flight  condition  inadequacies  became 

apparent  during  the  first  flights.  As  a  result,  a  substitute, 
less-extensive  local  mission  flight  plan,  was  instituted 
to  provide  the  opportunity  to  correct  the  equipment  problems. 
Imagery  was  obtained  from  almost  every  flight. 

(U)  The  flight  test  program  consisted  of  twenty-three  missions. 
Imagery  obtained  from  the  first  flight  on  March  19,  1980  was 
recorded  with  a  loss  of  forward  motion  compensation  and  a 
frozen  scan  air  bearing.  Even  so,  a  sufficient  quantity  of 
image  signal  was  recorded  to  provide  a  reproducible  image  from 
low  contrast  targets. 

(U)  During  the  next  few  flights  the  mission  was  primarily  concerned 

with  the  task  of  correcting  sensor  problems.  The  system  pointing 
and  stabilization  was  affected  by  the  accuracy  and  instability 
of  data  from  the  inertial  navigation  system.  Problems  were  also 
encountered  with  the  autofocus  and  exposure  systems.  About  half 
way  through  the  flight  test  program  most  of  the  symptoms  had  been 
identified  and  corrections  applied.  Since  the  majority  of  the 
problems  were  related  to  the  peripheral  electromechanical  sensor 
support  equipment,  imagery  with  various  levels  of  quality  was 
obtained.  As  equipment  fixes  and  compensations  were  incorporated 
the  quality  of  the  imagery,  especially  with  regard  to  resolution 
improved . 
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There  was  never  a  problem  with  the  quality  of  the  image 
contrast.  Contrast  goals  were  achieved  and  demonstrated 
early  in  the  program  and  consistently  thereafter. 

Improvements  in  the  targeting  control  capability  of  the  system 
improved  resolution.  Results  obtained  from  the  last  few  flights 
demonstrate  the  dramatic  ability  of  LOREORS  to  penetrate  haze 
and  record  target  images.  A  description  of  these  flight  tests 
with  an  evaluation  of  the  results  and  examples  of  imagery 
are  given  in  Appendix  C. 
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(All  of  section  3  is  unclassified) 

3.0  THE  LOREORS  SYSTEM 

The  configuration  for  the  Long  Range  Electro  Optical  Reconnaissance 
System  was  comprised  of  eight  subsystems  and  components.  Of  the 
eight,  four  are  essential  for  imaging  and  signal  processing.  These 
components  are : 

a)  The  Imaging  Sensor  Unit 

b)  The  Servo  Box  Unit 

c)  A  Two  Bay  Processor  Console 

d)  A  Dual  Bay  Computer  Console. 

The  remaining  four  components  comprise  peripheral  support 
equipment : 

a)  A  CRT  Data  Terminal 

b)  A  Two- Bay  Air  Conditioner 

c)  An  Air  Compressor 

d)  A  Ground  Station  Data  Processor. 

All  of  this  equipment  with  the  exception  of  the  Ground  Station 
equipment,  was  used  in  the  airborne  LOREORS  configuration. 

3 . 1  SUBSYSTEM  COMPONENT  DESCRIPTION 

3.1.1  Imaging  Sensor  Unit 

The  Imaging  Sensor  Unit  shown  in  Figure  3.1-1  is  shown  without  the 
ancillary  manifolds  and  tubing  normally  required  for  distributing 
environment-control  air  conditioning.  Extending  over  thirteen 
feet  in  length  and  weighing  over  2000  pounds,  the  main  assemblies 
cf  the  sensor  are  the  scanning  head,  the  lens  barrel  and  barrel 
extension  and  the  sensing  head.  The  sensor  is  shock  mounted 
within  a  transportation/holding  fixture  which  is  equipped  with 
casters  to  facilitate  its  transport. 
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The  functional  components  within  the  Sensor  are  the  Optical 
system  and  the  focal  plane  assembly.  The  Optical  system  is 
composed  of  the  aiming  mirror  and  the  focussing  lens  train. 

The  focal  plane  assembly,  upon  which  the  target  is  imaged,  is 
comprised  of  the  beam  sharer,  the  six  TDI-CCD  detector  chips 
and  the  associated  electronic  control  components.  Drive 
components  for  aiming  and  scanning  are  also  housed  in  the  Sensor. 

3.1.2  Servo  Box  Unit 

Servo  control  components  required  for  the  Stabilization  and 
Control  Subsystem  are  housed  in  the  Servo  Box  Unit.  There 
are  three  control  servos  in  the  imaging  system,  the  Scan  Servo, 
the  Forward  Motion  Compensation  (FMC)  Servo  and  the  Sensing 
Head  Servo.  The  power  supplies  and  power  amplifier  for  the 
Sensing  Head  servo  are  housed  within  the  Servo  Box  along  with 
converting  preamplifier  and  multiplexer  cards. 

The  Servo  Box  Unit  shown  in  Figure  3.1-2  also  contains  the 
electronic  components  which  support  the  Inertial  Navigation 
System  (INS) .  Shock  mounted  in  a  frame  which  is  tied  to  the 
vehicle  floor,  this  Servo  housing  measures  three  feet  wide  by  two 
feet  deep  by  one  foot  high. 

3.1.3  Two-3ay  Processor  Console 

Constructed  in  a  dual  console  housing  comprised  of  a  steel 
structure  50  inches  high  by  53  inches  wide  and  29  inches  deep, 
the  Processor  Console  contains  ail  of  the  electronic  circuitry 
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required  to  process  the  video  signals  for  the  IMC/FMC  signal 
channel  and  the  six  video  image  signal  channels.  As  shown  in 
Figure  3.1-3,  the  Processor  contains  the  signal  channels  in  the 
right  compartment  and  a  power  supply  assembly  in  the  left 
cabinet.  For  stability  in  the  airborne  platform  this  console 
is  shock  mounted  in  a  frame  which  mounts  to  the  installation 
floor.  All  subassemblies  and  components  are  accessible  for 
operation  and  maintenance  through  double  doors  on  both  the  front 
and  back  of  the  cabinets.  A  triple-tier  card  rack  contains  the 
analog  and  digital  video  signal  processing  electronic  cards.  A 
single  card  rack  contains  the  IMC/FMC  detection  cards.  A  power 
supply,  which  provides  all  of  the  power  levels  required  for  console 
operation,  is  on  a  separate  chassis.  Cooling  components  required  to 
circulate  air  within  the  cabinets  are  contained  in  the  lower  con¬ 
sole  area. 


3.1.4  Dual-Bay  Computer  Console 


As  shown  in  Figure  3.1-4,  the  Computer  Console  is  also  contained  in 
a  mounted  standard-size  dual  cabinet  which  is  shock-mounted  in 
a  ancillary  frame  for  stabilization  while  airborne.  Access  to  the 
computer  subassemblies  is  through  the  front  of  the  Console  (with 
the  front  protection  doors  open) .  These  components  also  can  be 
slid  forward  for  front  maintenance.  Located  in  the  left  section 
(facing  the  console)  is  a  Hewlett  Packard-1000  minicomputer  which 
operates  with  a  HP  7900  disk  controller  and  power  unit  mounted 
ever  it.  A  Dana  Logger  Unit  is  also  included  to  snore  recorded 
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Mounted  in  the  right  hand  console  section  are 


the  Ampex  airborne  digital  recorder  used  to  store  the  imagery  data 
gathered  during  a  mission  and  its  support  equipment. 
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3.1.5  Support  Equipment 

Ancillary  equipment  utilized  to  support  LOREORS  imaging  operations 
consists  of  the  CRT  Terminal  shown  in  Figure  3  .1-5  which  provides 
an  operator  interface  with  the  system  computer,  an  Air  Conditioner  used 
(see  Figure  3.1-6)  to  circulate  conditioned  air,  either  heated  or 
cooled, to  maintain  a  constant  thermal  level,  an  Air  Compressor 
aee  Figure  3.1-7)  to  supply  the  air  current  required  for  the 
Sensor  air  bearings  and  a  Ground  Station  Data  Processor  shown  in 
Figure  3.1-8  used  to  reconstruct  the  image  data  into  hard  copy. 

3.3  FUNCTIONAL  DESCRIPTION 

A  general  description  of  the  LOREORS  functional  operating 
areas  are  presented  in  the  following:  The  main  functional 
subsystems  of  LOREORS  are: 

a)  The  Optical  System  which  images  the  target  on  the  focal 
p  1  ane 

b)  The  Stabilization  and  Control  System  used  to  aim  the 
Sensor  at  the  target,  scan  the  target  and  to  neutralize 
relative  motion  between  the  target  and  the  Sensor 

c)  The  Environmental  Control  which  isolates  the  Sensor  from  its 
surroundings  and  compensates  for  external  inputs  which  degrade 
the  image 

d)  The  Auto  Focus  System  which  corrects  for  focal  error 

e.  The  Ser.sir.c  Head  ar.d  Video  Processor  which  converts  the 
optical  image  to  an  electrical  signal  and  then  processes 
the  video  signal  data  recording 

f;  The  Computer  which  controls  ail  system  operations 

z ;  The  Ground  Station  used  for  image  processing  and  hard  cotv 
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The  sensor  lens  forms  an  image  of  the  transmitter  grating  on 
the  receiver  grating.  Oscillating  the  scan  mirror  causes  the 
image  cf  the  transmitter  grating  to  be  swept  across  the  receiver 
tracing.  With  the  gratings  and  CCD  array  all  located  in  the 
fecal  plane,  best-focus  grating  and  CCD  imagery  are  obtained 
simultaneously  (for  infinity  focus). 

The  transmitter  grating  image  best-focus  condition  results  when 
the  highest  instantaneous  maximum  light  passes  through  the 
receiving  grating,  as  collected  by  a  large  area  silicon  photodiode. 
Defccus  conditions  result  in  lower  instantaneous  maxima.  This 
is  shewn  in  Figure  3. 2. 4-2.  A  plot  of  maximum  response  vs.  defocus 
for  a  given  grating  pitch  is  shown  in  Figure  3. 2. 4-3. 

The  actual  grating  pitch  is  chosen  to  yield  an  effective  dafocus 
range  of  approximately  ±0. 016-inch.  This  choice  provides 
sufficient  sensitivity  to  attain  a  practical  focus  correction  of 
iOOOl-inch  (1/3  of  a  1/4  wave  rayleigh  tolerance). 

Auto  focus  correction  requires  two  steps,  (1)  acquisition  and 
2)  vernier  correction.  Acquisition  locates  the  "approximate" 
best  focus  position  within  the  total  back-focus  correction  range 
available.  It  is  estimated  that  a  range  of  0.250-inch  is  re¬ 
quired  (including  ground  test  conditions).  Acquisition  is 
accomplished  by  moving  the  focal  plane  carriage  to  one  end  of 
its  0.250-inch  travel.  With  the  scan  mirror  oscillating,  and 
the  carriage  moving  at  approximately  O.ClO-inch  steps,  the 
photodiode  output  is  read  and  stored.  After  25  (0.250  inches) 
readings  have  been  completed,  the  carriage  is  returned  to  the 
position  producing  the  maximum  response. 
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pressure  conditions.  This  refocussing  ability  minimizes  the 
need  for  long  soak  periods  in  controlled  thermal  environments 
before  peak  imaging  performance  can  be  realized.  The  autofocus 
system  senses  deviations  in  the  back-focal  distance  of  the  lens, 
which  result  from  temperature  or  pressure  changes  and  thermal 
gradients,  and  automatically  restores  the  camera  to  a  best-focus 
condition . 

The  autofocus  system  consists  of  an  oscillating  flat  mirror, 
and  an  optical  transmitter/receiving  grating  pair,  which  is 
mounted  on  the  focal  plane.  The  focal  plane  is  mounted  on  a 
servo-driven  carriage  with  an  encoder  for  position  feedback. 

Based  on  the  signal  from  the  grating  pair,  the  computer  determines 
best  focus  and  drives  the  carriage  to  the  proper  position. 

Autofocus  system  operation  is  achieved  using  the  camera's  own 
optical  elements  (lens  and  scan  mirror) ,  as  shown  in  the  optical 
schematic  of  Figure  3. 2. 4-1.  The  grating  pair  and  the  CCD  array 
are  mounted  on  a  carriage,  coupled  to  a  precision  drive  mechanism, 
capable  of  adjusting  the  back  focal  distance  over  the  requisite  range. 

A  light  source  illuminates  the  transmitter  grating.  Light  passing 
chrough  this  grating  is  transmitted  through  the  lens,  reflected 
back  by  the  mirror,  retransmitted  through  the  lens  and  returned 
to  the  receiver  grating  which  has  a  photodiode  detector  located 
behind  it. 
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system  designed  to  provide  approximately  equal  deflection 

constants  in  each  of  the  three  orthogonal  directions.  This  is  combined 

with  a  dry  friction  type  of  damping  and  a  resilient,  snubbing  limit- 

stop.  The  Temperature  Control  System  provides  both  heating 

and  cooling  in  such  a  way  as  to  maintain  the  entire  camera  as 

nearly  constant  and  as  close  to  a  fixed  temperature  as  possible. 

The  air  conditioner  console,  supplies  the  camera  with  pre¬ 
conditioned  air.  This  air  is  circulated  between  the  lens  barrel 
and  the  thermal  shroud,  around  the  sensing  head,  and  around  the 
scan  head.  The  circulated  air  is  routed  back  to  the  air 
conditioner  for  reconditioning.  In  addition,  the  sensing  head 
has  eight  thermo-electric  coolers  strategically  placed  to  maintain 
proper  sensing  head  temperature.  The  entire  camera  temperature 
is  monitored  by  thirty  thermo-couples  distributed  through  the 
camera  sensor  and  can  be  read  out  on  the  CRT  Data  Terminal. 

The  focal  plane,  located  in  the  sensing  head  of  the  Sensing  Unit, 
is  conditioned  by  a  combination  of  the  thermo-electric  devices  and 
the  circulating  conditioned  air.  Three  thermocouples  are  located 
on  the  focal  plane  to  enable  monitoring  of  the  Sense  Head 
temperature.  These  thermocouples  are  part  of  the  system  monitoring 
system. 

A  total  of  thirty  iron-constantan  thermocouples  are  located 
throughout  the  Sensor  to  monitor  temperature.  3esides  the  three 
in  the  focal  plane,  nine  are  located  in  the  Scan  Head  and  13 
around  the  lens  barrel.  These  mcnircrs  are  read  by  a  data  logger. 

3.2.4  Autofocus  System 


The  Autofccus  System  automatical!’*  ccmoensaoes  for  deviation: 
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Navigational  (NAV)  data  consisting  of  target  location  and 
inertial  reference  data  are  fed  into  A/D  converters.  These 
data,  related  to  the  aircraft  position  and  orientation 
based  on  heading  pitch  and  roll  information  from  the  INS,  are 
synchro  generated  and  converted  to  digital  form  in  the 
Servo  Box  Unit.  Altitude  data  are  similarly  generated  from  a 
radar  altimeter.  Converted  NAV  data  are  multiplexed  with  inputs 
from  the  three  position  encoders.  The  encoders  indicate  the 
present  Scan,  EMC,  and  Sensing  gimbal  orientation.  Comparing 
the  input  commands  with  the  feedback,  the  computer  generates 
updated,  current  commands  to  drive  and  reposition  the  gimbals 
as  required. 

FMC  commands  are  generated  from  present  vehicle  V/H  and 
desired  Scan  angle  coverage.  The  FMC  inserts  corrections 
for  aircraft  advance  driving  the  Scan  gimbal  at  a  one  degree 
per  second  scan  rate. 

During  image  scan,the  focal  plane  assembly  in  the  Sense  Head 
must  be  locked  to  the  mirror  in  the  Scan  Head.  This  is  accomplished 
by  slaving  the  Sensing  servo  to  the  Scan  serve.  The  feedback 
from  the  Scan  encoder  is  added  to  the  signal  from  the  Sense 
encoder  in  a  differential  amplifier  and  then  added  to  the  computer 
sense  command, effectively  locking-in  the  Sense  torquer. 

2.2.3  Environmental  Control  System 


The  Environmental  Control  consists  of  a  vibration  and  shock 
system  and  a  Temperature  Control  System.  Protection  from 
vibration  and  shock  is  provided  thru  the  use  of  vibration  filter 
mounting  devices  between  the  image  sensor  housing  and  its  frame. 
These  Vibration  mounts  contain  a  spring  suspension 
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are  achieved  by  rotating  the  Scan  Head  relative  to  the  Sense 
Head.  An  encoder  on  the  Scan  Assembly  generates  scan  position 
feedback  and  a  roll  rate  gyro  generates  roll  rate  feedback 
signals.  This  rate  gyro,  mounted  with  its  input  axis  parallel 
to  the  vehicle  roll  axis,  is  connected  to  the  Scan  gimbal; 
forming  a  rate  feedback  loop  used  to  maintain  a  constant  image 
scan  rate  relative  to  inertial  space.  The  air  bearings  at 
each  end  of  the  Sensor  link  the  Scan  gimbal  to  the  Scan  Assembly 
and  the  Sense  gimbal  to  the  Sense  assembly  and  are  supplied 
with  air  from  the  Compressor  Unit. 

Pitch  stabilization  is  achieved  by  summing  vehicle  generated 
pitch  signals  with  Scan  Command  signals.  An  encoder  on  the 
Sense  Assembly  and  a  rate  gyro  on  the  Sense  gimbal  generate 
the  pitch  position  and  rate  feedback  signals. 

Yaw  stabilization  is  achieved  by  summing  vehicle  yaw  signals 
with  FMC  Command  signals.  Feedback  in  this  loop  is  also  generated 
using  an  encoder  for  positional  location  and  a  rate  gyro  for 
rate  signals.  FMC  gimbal  inputs  to  the  FMC  torquer  rotate  the 
pointing  mirror,  which  is  decoupled  from  the  Scan  gimbal  through  a 
roller  bearing. 

3. 2. 2. 2  Control  Signals 

Mirror  pointing  command  and  control  is  generated  by  the  system 
computer  based  on  target  location,  aircraft  posizicn  and  feed¬ 
back  offset  information.  Aiming  of  the  mirror  is  performed  by 
servo  positioning  as  determined  by  computer  generated  information. 
This  is  shown  in  Figure  3. 2. 2 -2. 
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CCD's  averages  about  68%,  whereas  the  diffraction  limit  is  73%. 

Images  are  focussed  upon  a  beam  sharer,  (described  in  the  paoers 
In  Appendix  A)  where  it  is  split  into  sets  of  transmitted  an'', 
reflected  beams.  These  ray  groups  focus  upon  the  odd  and  even 
CCD  chips  in  the  focal  plane  to  produce  sections  of  the  image  scan 
line.  These  sections  are  then  combined  to  produce  a  continuous 
scan  line. 

Cross-track  coverage  is  obtained  by  rotating  the  scanning  mirror 
about  the  aircraft  roll  axis  to  produce  a  cross-track  scan. 

Forward  motion  compensation  for  vehicle  advance  during  the  scan 
is  obtained  by  supplying  an  opposite  drive  into  a  mirror  servo 
to  maintain  a  constant  pointing  angle.  Focus  is  automatically 
pre-ad justed  to  an  optimum  setting  prior  to  an  imaging  run  to 
compensate  for  the  effects  of  residual  thermal  gradients,  wave 
front  errors  and  variations  in  slant  range. 

3.2.2  Stabilization  and  Control  Subsystems 

The  Stabilization  and  Control  Subsystem  utilizes  the  Scan, 

Sensing  and  Foward  Motion  Compensation  servos  for  both  stabilization 
and  target  aiming  (see  Figure  3. 2. 2-1). 

3. 2. 2.1  Stabilization 


Stabilization  of  roll  motion  is  accomplished  by  adding  roil 
motion  correction  signals  to  Scan  Command  signals.  Scan  Command 
signals  are  developed  as  a  result  of  race  and  position  inputs. 
The  image  sensing  assembly , mounted  with  its  scan  axis  parallel 
to  the  vehicle  roll  axis ,  is  rotated  within  the  Scan  and  Sense 
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3.2.1  Optical  System 

LOREOR'S  Optical  system  uses  a  scanning  mirror  to  view  the 
objective  scene  through  the  aircraft  window,  which  is  considered 
part  of  the  optical  train.  The  mirror  folds  the  optical  path 
through  a  90°  angle  directing  the  imaged  scene  toward  the  lens. 

A  near  diffraction  limited  144  inch  (3.66  meter),  F/12  lens, 
with  a  96  inch  (2.44  meter)  overall  length  was  designed  to  cover 
the  entire  silicon  spectrum.  All  of  the  lens  elements  are  air 
spaced  spherical  elements.  The  entrance  pupil  of  the  lens  lies 
at  the  first  surface  of  the  objective  group.  This  offers  a 
significant  advantage  with  respect  to  the  scanning  mirror 
operation,  since  the  field  of  view  divergence  starts  at  the 
entrance  pupil  and  thus  allows  the  use  of  a  smaller  scanning 
mirror  than  would  otherwise  be  possible. 

The  lens  is  of  an  extreme  telephoto  form,  consisting  of  a  six  element 
objective  group,  a  three  element  negative  Barlow  group  and  a 
single  element  field  flattner  near  the  focal  plane.  The 
objective  group  has  a  focal  length  of  approximately  72  inches.  Its 
image  serves  as  a  virtual  object  for  the  Barlow.  The  combination 
produces  a  real  image  96  inches  from  the  entrance  pupil  with  an 
effective  focal  length  of  144  inches.  This  lens  is  completely 
unvignetted  ever  its  field  of  view  of  5.86°  (0.102  radian).  Its 

image  format  is  374.4  mm. 

Modulation  transfer  function  performance  across  the  field  cf  view 
is  equal  in  both  direcoions  throughout:  the  field.  The  MTF  at 
25  line  pairs  per  millimeter,  the  Nycuist  limit  cf  the  imaging 
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Vernier  Motion  is  required  to  locate  the  best  focus  position 
to  within  ±.001  inches.  Vernier  correction  is  accomplished  by 
offsetting  the  carriage  by  a  minus  .010  inches  from  the  acquisition 
best  focus  position  and  driving  the  carriage  at  a  slow  rate. 

With  the  scan  mirror  oscillating,  the  photodiode  is  read  and 
stored  at  .001  inch  intervals.  After  driving  through  approximately 
20  readings,  the  carriage  is  returned  to  the  position  producing 
the  highest  response. 

3.2.5  Sensing  Head  and  Video  Processor 

The  sensing  head  is  the  assembly  which  senses  the  image  by  means 
of  a  CCD  detector  chip  array.  Within  this  head  are  electronics  to 
ensure  proper  CCD  operation  and  video  amplification.  In  addition,  the 
sensing  head  contains  exposure  circuitry  to  measure  scene  brightness 
and  correct  for  the  proper  number  of  TDI  integrations . 

The  processor  receives  and  filters  an  amplified  video  signal 
from  the  sensing  head.  Corrections  are  made  to  compensate  the 
video  signal  for  beam-sharer  fall-off  occurring  at  chip  edges, 
and  for  photosensitive  differences  between  elements.  Back¬ 
ground  subtraction  and  video  amplification  are  also  performed 
with  the  video  in  a  digital  form.  The  data  are  recorded 
on  an  airborne  recorder.  The  processor  also  communicates 
with  the  onboard  computer  system  and  controls  airborne  recorder 
operation.  In  addition,  the  video  processor  detects  IMC  and  FMC 
errors  and  provides  correction  signals  for  either  the  scan  or 
FMC  servos . 
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3. 2. 5.1  Airborne  Video  Subsystem 

The  airborne  video  subsystem,  see  Figure  3. 2. 5-1,  consists  of  an 
analog/digital  processor  and  a  CCD  focal  plane  with  drivers, 
logic,  exposure  diodes,  and  exposure  control  circuits. 

Also  included  as  part  of  the  airborne  video  subsystem  are  the  IMC 
detection  circuits  for  the  image-motion-correction  servo  sub¬ 
system. 

3. 2. 5. 2  Focal  Plane  Electronics 

The  analog  and  digital  processor  outputs  an  end-of-line  sync,  a 
1.45  MHZ  clock,  and  the  number-of-integration-select  code  to  the 
Array  Logic  Card.  This  card  processes  the  signal  and  then 
feeds  proper  timing  and  control  signals  to  the  eight  Array  Driver 
Boards.  The  eight  Array  Driver  Boards  (6  video  and  2  IMC 
detection)  supply  the  CCD  chips  with  the  proper  voltages,  timing, 
and  number- of- integration  codes.  The  video  from  the  CCD's,  is 
amplified  by  a  factor  of  ten  on  the  Array  Driver  Board,  and 
then  sent  to  the  Processor  Console . 

Located  on  the  focal  plane  are  15  diodes  used  for  exposure  control 
The  ouputs  of  the  15  diodes  are  fed  to  the  Auto  Exposure  Control 
Circuit.  This  processes  the  signal  and  provides  a  0  to  -10V. 
range  exposure  signal  for  each  diode  selected.  The  diode 
selected  is  determined  by  a  computer  word  received  from  the 
Subsystem  Interface  Card.  In  addition  to  storing  and  supplying 
the  computer  word,  the  Subsystem  Interface  Card  processes  the 
15  exposure  signals  as  they  are  selected.  The  exposure  signals  ar 
converted  to  3  bit  digital  words  and  gated  to  the  computer  by 
multiplexer  circuitry. 
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3. 2. 5. 3  Processor  Electronics  (see  Figure  3. 2. 5-2) 

The  processor  electronics  are  contained  in  a  three-bucket  card 
rack  located  in  the  Processor  Console.  The  processor  has  both 
an  analog  and  a  digital  section.  The  analog  section  consists 
of  8  identical  channels-  Only  one  representative  channel  is 
described.  Two  of  the  channels,  processed  by  the  analog  section, 
are  fed  to  the  IMC  circuits.  The  other  six  go  to  the  digital 
section  of  the  processor.  The  digital  section  consists  of  6 
identical  channels.  Again,  only  one  channel  is  described. 

Circuits  common  to  the  channels  are  described  individually. 

3. 2. 5. 3.1  Analog  Section  Of  Processor 

The  amplified  Video  signal  comes  to  the  processor  console  from  the 
sensing  head.  Each  of  the  eight  channels  of  video  signal  goes  through 
a  Matched  Filter  Card,  a  Signature  Correction  Card,  and  a  Signature 
Correction-Max -Min  Card.  Video  from  the  S.C.M.M.  Card  also  goes 
to  two  Max-Min  Cards.  The  six  video  channels  go  to  one  set  of  two 
cards  and  the  two  IMC  channels  to  a  second  set  of  two  cards. 

3. 2. 5. 3. 2  Matched  Filter  Card 

The  amplified  video  signal  from  the  focal  plane  amplifier  is 
fed  into  one  input  of  a  differential  amplifier  where  it  is 
subtracted  from  the  Sensing  head  ground  signal;  effectively 
cancelling  transmission  cable  noise  pickup.  An  inverted  video 
signal  is  then  fed  through  a  matched  filter  for  switching  noise 
reduction  and  a  twc-times  anolif ication . 
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At  the  beginning  of  each  image  scan  line  there  are  a  few  non-imaging 
"dark"  pixels.  This  dark  level  is  sampled  as  an  average  dark  level 
and  stored.  The  stored  level  is  then  subtracted  from  each  of 
the  1024  sampled-and-held  image  pixels.  At  the  output  amplifier 
on  this  card  the  video  gain  is  reduced  by  half. 

1.2. 5. 3. 3  Signature  Correction  Card 

The  video  signal  goes  througn  three  stages  of  signature  correction, 
two  of  which  are  performed  on  this  card.  The  first  is  dark- 
signature  correction.  Every  pixel  has  a  different  dark  signal  level 
Prior  to  sensor  operation  a  dark  signal  calibration  cycle  is 
performed  on  each  CCD  chip.  A  dark  signal  video  line  from  a 
"capped"  array  (i.e.;  no  light  input)  is  fed  through  the  dark 
signature  circuits  (uncorrected)  and  digitized.  These  digital 
data  are  then  sent  via  the  calibrate  interface  circuit  to  the 
computer  where  they  are  stored. 

During  normal  imaging  operation  the  stored  dark  signature  is 
recalled  and  subtracted  pixel-bv- pixel  from  the  video  signal. 
Corrected  video  is  then  sampled  and  held  in  a  register. 

The  second  circuit  on  this  card  is  the  beam  Sharer  correction  circui 
The  beam  Sharer  used  in  the  focal  plane  causes  a  fall-off  of 
image  intensity ,- due  to  image  beam  shear  of  up  to  50%  at  each 
end  of  the  image  beam.  To  correct  for  beam  shear  the  signal  is 
split  into  two  paths  which  are  eventually  summed.  The  first 
path  is  a  resistive  divide  with  a  gain  of  0.5.  The  second  path  has 
a  gain  varied  from  0  to  0 . 5 , corresponding  to  a  prestored  7  bit  code 
recalled  from  an  EPROM.  The  X  variable  gain  values  were  previously 
determined  and  stored  from  calibration  measurements  made  on  the 
Seam  Sharer.  The  two  video  signals  are  resummed,  sampled-and- 
held  again  and  chan  transmitted  from  the  card. 
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3.2.5. 3.4  Signature  Correction  Max-Min  Card 

Light  signature  correction  is  the  third  stage  of  video  signal 
ccrreccion.  Each  photosensitive  cell  of  the  CCD  array  has  a 
slightly  different  gain.  During  preoperation  calibration  procedures 
these  differences  are  measured  and  stored  in  the  computer. 

During  normal  imaging  operation  the  computer  recalls  the  correction 
factor  for  each  pixel.  This  correction  factor  is  multiplied 
with  one-half  of  the  corresponding  video  pixel  value,  previously 
split  off  in  a  resistive  divider.  The  corrected  gain  video  is 
then  added  to  the  other  half  of  the  video  signal.  After  another 
sample  and  hold  operation  and  further  resistive  attenuation  the 
signal  is  amplified  by  a  factor  of  five.  This  procedure  corrects 
for  signal  loss  through  the  three  correction  stages  and  the 
three  sampling  stages  with  a  final  resultant  signal  in  the  range 
between  zero  and  plus  five  volts. 

Part  of  the  video  signal  is  then  directed  from  the  correction 
Card  to  the  two  Max-Min  Cards.  The  remainder  after  going  through 
a  divider  has  the  offset  signal  from  the  Max-Min  cards  subtracted 
from  it.  The  new  signal  is  doubled  in  amplitude. 

In  the  final  stage  before  going  to  the  A/D  converter,  the  video 
is  multiplied  by  the  gain  signal  from  the  Max-Min  Cards.  One 
tenth  of  the  signal,  in  the  0  to  -1.25  volt  range  is  filtered, 
eliminating  random  noise  and,  lastly,  divided  one  more  time 
reducing  the  maximum  signal  to  -0.5  volts.  This  signal  is  then 
sent  to  be  digitized. 
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Max-Min  Detection  Cards 


Detection  of  the  maximum  and  minimum  sicnal  levels  in  the  six 


video  channels  is  continuously  monitored  to  determine  the 
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A  second  set  of  detection  circuits  monitors  the  maximum  and 
minimum  signal  levels  in  each  video  line.  These  maxima  and 
minima  are  used  to  determine  the  gain  and  offset  correction 
signals  for  the  Signal  Correction  Max-Min  Cards.  Maximum  and 
minimum  levels  are  measured  for  each  of  the  six  video  channels 
and  the  two  IMC  signal  channels. 

The  gain  signal  is  obtained  by  doubling  and  polarity  inverting 
the  line  maximum  and  adding  this  to  the  doubled  line  minimum. 

This  is  the  peak-to-peak  voltage  range.  One  sixteenth  of  the 
range  signal  is  added  to  the  line  minimum  producing  the  minimum 
offset  signal.  The  five  volt  spread  of  the  peak-to-peak  signals 
is  divided  into  12.5V  to  rescale  the  resultant  gain  signal. 

3. 2. 5. 4  Digital  Image  Processing 

The  main  functions  of  the  video  signal  digital  processing  are 
to  enhance  the  low  contrast  imagery  using  Non-Sharp-Masking 
techniques  and  to  compress  the  resultant  signal  for  in-flight 
digital  tape  recording  storage. 

3 . 2 . 5 . 4 . 1  Image  Enhancement 

Xcn-Sharp  masking  is  performed  to  enhance  the  high  frequency 

information  in  the  video  signal.  This  processing  reduces  the 

background,  relatively  larger  low  frequency  brightness  variations 

to  permit  amplification  of  the  low  contrast  object  details. 

The  Image  Enhancement  circuit  consists  of  an  8  Line  Memory, 

Vertical  Averaging  Circuit  and  a  Center  Data  Minus  Unsharp  Data 

circuit.  These  circuits  are  described  below.  The  function  of  th 

Enhancement  circuit  is  to  enhance  video  transistions  from  one 

light  level  to  another.  This  is  performed  by  taking  a  running 

average  of  an  3  x  9  pixel  area  and  subtracting  this  value  from  th 

canter  pixel  value  of  that  area.  This  can  best  be  seen  by  referr 
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3. 2. 5. 4. 2  8  Line  Memory  -  Unsharp  Data 

To  obtain  a  running  average  of  an  8  x  8  pixel  area  the  eight 
line  memory  accumulates  a  sum  of  eight  contiguous  lines.  Eight 
bit  words  are  received  from  the  Max  Minus  Min  Detector  Circuit. 

Eight  lines,  with  1024  pixels  of  data  per  line  and  each  pixel  an 
8  bit  word  (65,536  bits)  are  stored  in  this  Memory  section. 

pixels  bits 

8  Lines  x  1024  line  x  Spixel  =  65,536  bits. 

These  eight  line  packets  are  first  summed  in  the  vertical  direction 
(in  the  Vertical  Averaging  Circuit)  as  the  sum  of  individual 
pixel  columns.  The  result,  1024  column  sums  of  eight  pixels  each 
are  then  added  in  the  horizontal  direction,  to  each  other  as  the 
sum  of  eight  horizontal  sequential  sums  (in  the  Horizontal 
Averaging  Circuit).  The  result  is  a  running  sum  of  8  x  8  matrices. 
Dividing  these  Matrix  sums  by  64  yields  an  average  value  for 
each  matrix.  The  average  values  of  this  continuous  process  is  the 
"UNSHARP"  data.  Averaging  the  data  in  this  manner,  effectively 
filters  the  original  data  to  remove  the  high  frequency  components. 

3.2.5. 4. 3  8  Line  Memory  -  Center  Data 

A  second  function  of  the  Eight  Line  Memory  is  to  generate  a  set 
of  delayed  pixel  data  known  as  Center  data.  Center  data  is  obtained 
by  taking  data  from  the  memory  after  a  four  line  plus  three 
pixel  delay. 

3. 2. 5. 4. 4  Vertical  Averaging  Circuit 

The  f ’unction  of  the  Vertical  Averaging  circuit  is  to  generate  an 

output  that  is  the  running  sum  of  3  vertical  lines.  1024 

pixels  of  line  one  are  added  to  the  respective  pixels  of  lines 

two  through  eight.  Each  line  of  data  is  processed  in  a  FIDO  mode 

'first  in  -  first  out)  after  an  eight  line  delay.  When  the  memory 

is  filled  with  eight  lines,  the  delayed  data  are  summed  and  stored 
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in  a  1024  x  11  memory.  (The  sum  of  8,  eight  bit  words  is  an 
eleven  bit  word.)  See  Figure  3. 2. 5-4. 

The  first  line  is  then  read  out  of  the  memory  and  a  new  eighth  line 
is  read  in  to  form  a  new  eight  line  set.  Thus  a  running  eleven 
bin  vertical  sum  called  "VAV"  data  is  formed. 

3. 2. 5. 4. 5  Horizontal  Averaging  Circuit 

The  function  of  the  Horizontal  Averaging  circuit  is  to  generate 
an  output  that  is  the  running  sum  of  eight  serial,  vertical, 
pixel  sums  from  within  a  VAV  line  (See  figure  3. 2. 5. -5).  Each 
VAV  line  is  closed  loop  processed  through  an  adder  whose  output 
is  fed  back  to  its  input  via  a  register.  As  new  data,  an 
eleven  bit  pixel  sum,  is  applied  to  the  adder,  the  previous  VAV 
pixel  sums  stored  in  the  register  are  added  to  this  new  data. 

This  continues  until  a  total  of  8  pixel  sums  have  been  added  and 
stored  in  the  register.  While  the  horizontal  pixel  sum  is  being 
performed  each  input  pixel  sum  is  also  stored  in  a  8  x  11  FIFO  memory. 
When  the  nineth  word  and  each  succeeding  word  is  fed  into  the  adder 
the  register  puts  out  a  14  bit  word  (the  sum  of  8  eleven  bit 
words  is  a  14  bit  word).  This  14  bit  word  is  simultaneously 
sent  to  a  subtractor  and  a  divider.  In  the  subtractor  a  pixel 
sum  from  the  11  bit  memory  is  subtracted  from  the  horizontal 
14  oit  sun  and  then  added  to  the  new  adder  word  thus  creating  a 
running  sum  of  an  8x8  pixel  matrix.  In  the  divider  the  14 
tit  word  is  divided  by  64  computing  the  average  pixel  value  for 
cr.  3  matrix  area.  This  average  value  is  the  UNSHARP  data. 

1.2.  5. 4. 6  Center  Data  Minus  Unsharp  Circuit 

The  function  of  the  CZNTERDATA  Minus  UNSHARP  Circuit  is  to 
r-uner  a  re  an  3  bit  word  which  is  an  intermediary  form  of  the 
SHARP  lata.  3 y 
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W)  ».  Specific  experiments  demonstrated  the  ability  of  integrating 
detectors  to  extract  information  from  low  contrast  scenes. 

Photo  sets  4-1  and  4-1  give  two  examples  of  the  image  signal- 
to-ncise  improvement  obtained  by  increasing  the  number  of 
integrations.  Under  identical  imaging  conditions,  the  picture 
sets  in  each  figure  compare  the  quality  collected  imagery  for 
four  versus  sixteen  integrations.  All  pictures  were  taken  from 
a  slant  range  of  12NM  (depression  angle  of  16°)  between  11:00 
and  11:40  a.m.  on  6/22/80. 

scene  brightness  was  approximately  800  foot-lamberts .  Image 
contrast  was  1.05:1.  The  16  integration  photos  were  taken  with 
the  TDI-CCD  at  just  less  than  50%  of  saturation  (about  300,000 
electrons).  The  exposure  time  was  12.5  msec.  At  4  integrations, 
the  exposure  time  was  3.1  msec.  Collected  signal  was  approximately 
75,000  electrons. 

The  samples  illustrate  clearly  that  TDI  is  required  to  achieve 
noise  free  imagery.  The  top  two  photos  of  each  figure  illustrate 
low  signal  levels.  An  insufficient  number  of  electrons  were 
collected.  The  signal-to-noise  ratio  in  these  photos  is  about 
10  . 1  between  the  maximum  and  minimum  brightness  areas  of  the 
scene.  The  lower  photos  in  each  figure  illustrate  the  increases 
in  utility  obtained  by  being  able  to  collect  sufficient  signal. 

The  ability  to  collect  and  handle  large  numbers  of  electrons 
in  small  detector  sites  was  one  of  the  trade-off  considerations 
relating  resolution  and  contrast  detection  during  system  design/. 
This  data  indicates  that  system  performance,  at  low  contrast, 
was  clearly  limited  by  signal  collection  capability  and  not 
detector  element  size. 
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Remcval  of  haze  levels  in  the  image  using  an  analog  signal  pro¬ 
cessor  with  minimum/maximun  detection  and  background  sub¬ 
traction  . 

Development  of  an  image  enhancement  algorithm  which  processed 
digital  scene  data  to  enhance  edges  and  further  remove  slowly 
varying  background.  This  algorithm  served  a  dual  function  of  image 
enhancement  and  data  compression  by  compressing  image  data  from 
8  to  6  bits . 

Digitization  and  storage  of  data  in  an  airborne  recorder  for 
subsequent  playback  in  a  ground  station. 

Development  of  a  ground  station  for  image  playback,  reconstruction 
and  reproduction.  This  station  included  a  digital  playback  deck, 
a  digital/analog  data  reconstruction  unit  and  a  laser  beam  recorder 
for  image  reproduction  and  processing  on  five-inch  dry  silver  film. 

Once  fabricated,  this  system  was  installed  in  a  C141  aircraft  and 
flight  tested.  The  installation  included  modification  of  the 
aircraft  to  replace  the  crew  entrance  door  with  a  29  inch  diameter 
optical  window.  Flight  tests  totaled  73  hours  in  23  separate 
flights . 

4 . 3  TEST  RESULTS  SUMMARY 

Flight  tests  of  LOREORS  demonstrated  the  ability  of  silicon  based 
TDI-CCD  detectors  to  double  the  effective  working  range  of  a 
conventional  film  reconnaissance  camera  in  moderate  and  heavy 
haze.  Identification  of  aircraft  was  achieved  at  30NM  slant 
range  with  moderate  haze  producing  an  image  contrast  cf  1.006:1. 
Identification  of  vehicles  was  achieved  from  12NM  at  an  image 
contrast  of  1.02:1.  Both  contrast  levels  were  substantially 
below  the  limit  cf  a  film  camera  (1.1:1) .  See  sample  photos 
sets  **  —  I  anc  n  — 2. 
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(U)  Development  of  a  new,  large  format  (1024  x  64),  silicon,  TDI-CCD 
detector  array  which  was  required  to  improve  the  signal-to-noise 
ratio  of  the  collected  image  data. 

»  Development  of  an  assembly  technique  for  optically  butting  together 
many  CCD  detectors  into  a  single  long  array  with  as  many  as  13,000 
pixels,  with  subsequent  fabrication  of  a  6000  pixel  (six  chip) 
array  for  use  in  the  camera  system. 

-  Design  and  fabrication  of  an  f/12,  144  inch  focal  length  lens 
optimized  for  MTF  over  the  entire  silicon  response  band  (4500  to 
9500A0)  to  the  edge  of  its  field.  The  lens  provided  a  wide,  5.7 
degree,  f ield-of -view  plus  a  telephoto  ratio  of  1.5  for  compactness. 

(U)  Development  of  a  sensitive  temperature  stabilization  system  using 
thermocouples  strategically  placed  throughout  the  lens  barrel  and 
air  circulation  system.  This  system  was  designed  to  stabilize 
camera  temperature  to  within  one  degree  of  ambient  for  any 
ambient  between  55 °F  and  80 °F. 

(U)  Development  of  an  auto  focus  system  which  optimized  infinity  camera 
focus,  over  the  silicon  spectrum,  for  any  combination  of  pressure 
and  temperature.  The  pressure  range  varied  from  ground  level  to  10K 
feet.  Temperature  from  55 °F  to  80 °F. 

(U)  Development  of  a  system  for  automatic  camera  pointing  based  on 
inertial  navigation  data.  This  system  performed  computer 
calculations  based  on  aircraft  latitude,  longitude  and  altitude  plus 
camera  pitch,  roll  and  yaw  to  determine  the  correct  pointing 
angle  of  the  camera  scan  mirror  for  target  acquisition.  Up  to  two 
hundred  target  locations,  in  latitude , longitude  and  altitude, 
could  be  entered  into  the  mission  memory. 
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(U) 

4.0 

SUMMARY  OF  TASKS  AND  RESULTS 

(U) 

4 . 1 

INTRODUCTION 

■  The  objective  of  the  LOREORS  program  was  demonstration  of  the 

* 

performance  capability  and  performance  limits  of  charge  coupled 
device  detectors,  operating  in  the  visible  to  near  infrared 
spectrum,  for  long  range  reconnaissance.  Adequate  demonstration 
of  this  capability  required  the  fabrication  of  a  flyable  brass- 
board  camera  system  and  its  subsequent  test.  To  this  end,  the 
tasks  outlined  in  the  following  paragraphs  were  performed.  In 
total,  they  formed  a  substantial  effort  designed  to  verify  the 
ability  of  these  detectors  to  provide  useful  intelligence  data, 
under  heavy  haze  conditions,  out  to  a  slant  range  of  30  miles. 

(O')—  These  requirements  were  translated,  on  a  theoretical  basis,  into 
a  set  of  performance  goals  for  the  LOREORS  system.  The  theo¬ 
retical  goals  included: 

o  Operation  between  brightly  illuminated  and 
cloud  shadowed  targets. 

o  Demonstration  of  one  foot  GRD ,  with  30  mile 

slant  range,  from  30K  feet,  with  an  image  contrast 
of  1.00125:1. 

(U)  In  order  to  demonstrate  this  remarkable  capability,  the  following 
subtasks  were  identified  and  performed. 

(>J)  4.2  TASKS  INCLUDED: 

(U)  Development  of  a  side  oblique  camera  system  (designed  to  operate 
from  a  medium  to  high  altitude  platform)  from  which  imaging 
data  was  collected  in  a  sector  scan  panoramic  mode. 
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complete  image  is  composed  of  12  800  lines.  The  LBR  converts  these 
data  to  a  hardcopy  image  by  writing  with  the  coherent  light  beam 
on  a  dry-processed  silver  film.  Annotation  data  for  the  scene 
are  included  as  part  of  the  digital  data  processed  thru  the  Data 
Processor  to  the  LBR  for  inclusion  on  the  final  image  display. 
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and  can  be  examined  by  the  operator  from  the  DATA  inquiry 
program  while  "SCANR"  is  running. 

"SCANR"  will  automatically  start  S>  stop  the  video  tape  recorder 
when  required.  It  will  initiate  the  program  GTEXP  to  perform  the 
exposure  determination  and  the  CCD  calibration  data  transfer  at 
approximately  5  seconds  before  the  start  of  picture  taking. 

"SCANR"  also  starts  and  stops  the  picture  scan  and  the  data  logging 
during  picture  scan.  After  all  the  targets  have  been  processed, 
LOREO  will  terminate  "SCANR" . 

3.2.7  Ground  Station  Image  Reconstruction 

Reconstruction  of  the  airborne  tape  recorded  stored  image  was 
accomplished  in  the  Ground  Station  which  is  equipped  with  a 
Playback  Tape  Deck,  a  Data  Processor  and  a  Laser  Beam  Recorder. 
Replaying  the  digitized  data  from  the  tape  player  into  the  Data 
Processor,  the  original  image  was  reformed  by  recombining  the 
high  and  low  spatial  frequency  components  of  the  image  data. 

Each  unsharp  3x8  matrix  average  of  original  data  (low  frequency 
data)  is  multiplied  by  a  interpolation  factor  to  remove  processing 
noise.  Further  low  frequency  filtering  is  performed  by  computing 
the  average  of  4  adjacent  8x8  element  areas  and  using  these  new 
average  values  as  updated  unsharp  data.  This  reformed  unsharp 
data  is  then  added  to  the  sharp  data  to  obtain  an  edge  enhanced, 
compressed  range  scenic  reproduction. 

Processing  is  performed  simultaneously,  in  parallel  on  each  of 
six  data  sets.  This  final  image  data  is  then  placed  in  a  buffer 
memory  until  recalled  for  readout. 

During  readout  the  laser  beam  recorder  requires  3-bit  parallel 
v/ords  from  the  Data  Processor.  The  six  sets  of  daoa  are  read  cue 
serially  tc  the  L3R  as  six  1024,  3-bin  words  per  image  line.  A 
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Similarly  to  remove  power  from  the  system  a  "DOWN"  command 
must  be  keyed  in.  A  list  of  devices  to  be  deenergized  will  be 
listed  with  a  procedure.  Execution  of  a  space  and  carriage 
return  combination  indicates  an  end  of  the  power  down  subroutine. 

3. 2. 6. 3  Sensor  Computer  Control 

A  MISSION  command  is  used  to  start  the  imaging  control  program 
called  "SCANR".  This  "SCANR"  program,  which  will  run  concurrent 
with  the  "LOREO"  program,  enables  the  presighting  of  targets 
imaging,  and  target  processing.  I/O  data  is  also  entered  into 
the  system  common  memory  on  a  regular  basis  for  later  retrieval. 

After  a  series  of  preliminary  initializing  TDI  program  questions, 
which  must  be  answered  by  the  operator  before  proceeding,  the 
system  will  be  placed  in  "SCANR";  an  automatic  program  for  controlling 
the  Sensor  movements  for  pointing  and  image  scanning.  Target 
parameters  will  be  automatically  acquired  from  the  various  system 
memory  sections  and  pointing  angles  computed.  The  Sensor  FMC 
&  Scan  gimbals  will  be  driven  to  the  desired  orientation  with 
respect  to  the  present  aircraft  location  and  altitude. 

Program  "SCANR"  schedules  itself  every  40  msec,  each  time  executing 
one  cycle  consisting  of;  1)  reading  navigation  data  from  the  INS 
system,  2)  reading  encoder  positions,  3)  calculating  desired  servo 
positions  or  rates,  and  4)  transmitting  servo  drive  commands  to 
point  the  Sensor  at  the  target  or  to  perform  an  image  scan. 

At  the  conclusion  of  each  image  scan,  the  program  acquires  the 
next  target  and  repeats  the  process  'until  all  targets  have  been 
completed.  When  "SCANR"  is  in  the  pointing  mode,  the  servos  are 
positioned  to  the  calculated  angles.  When  "SCANR"  is  in  the 
scanning  (image  acquisition)  mode,  rate  equations  are  solved  to 
determine  the  FMC  &  SCAN  rates.  These  angles  or  rates  are  converted 
to  serve  output  commands  and  sent  to  the  FMC  &  SCAN  servos. 
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INVALID  COMMAND:  TYPE  "HELP"  FOR  COMMAND  LIST 
The  "LOREO"  program  is  self  instructional  and  is  organized  to 
assist  the  uninitiated  user  with  the  assumption  that  the  user 
understands  the  system  operation.  A  "HELP"  input  produces  the 
Command  Summary  on  the  CRT  screen.  The  operator  may  terminate 
this  "LOREO"  program  at  any  time  by  executing  an  exit  command, 

/E;  this  returns  the  computer  to  the  operating  program. 

A  set  of  safety  interlocks  have  been  programmed  in  "LOREO" 
to  protect  the  system  from  Sensor  damage  by  improper  or  conflicting 
I/O  instructions.  These  interlocks  are  stored  in  the  system 
common  memory  section  and  are  unaffected  by  exits  or  re-entries 
into  the  LOREO  programs .  Interlock  status  can  be  examined  by 
issuing  a  "STATU"  command  through  the  keyboard;  interlock  flag 
status  will  be  displayed  on  the  CRT  monitor.  The  five  status 
flags  are:  System  Power  Up,  Mirror  Caged,  Mission  In  Progress, 
Logging  On  and  Recorder  On.  A  simple  "Yes"  or  "No"  statement  is 
displayed  as  the  status  report.  The  compressor  air  status  and 
the  current  target  number  in  process  are  also  displayed.  Interlock 
flag  status  information  is  important  because  certain  system 
commands  will  not  be  executed  unless  the  flags  are  properly  set. 
Table  3. 2. 6-2  outlines  the  command  interlock  combinations  required 
for  given  commands. 

To  apply  power  to  the  Sensor  system  the  operator  uses  the  "UP" 
command.  This  produces  an  operator  checklist  and  sequence  of 
procedures  instructing  the  user  how  to  apply  power  to  the  equipment 
Upon  completion  of  this  sequence,  the  operator  must  type  in  a  space 
and  a  carriage  return  on  the  keyboard.  The  air  compressor  status 
will  then  be  checked.  If  the  air  status  is  faulty,  a  fault 
message  will  be  displayed  and  the  sequence  will  be  stopped; 
otherwise  this  program  routine  ends  and  returns  to  the  main  LOREO 
program. 
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I/O  interrupt  processing  priority  is  allocated  by  device  speed  or 
urgency  need.  Highest  priority  is  given  to  the  Time  Base 
Generator  (the  system  clock) .  The  three  general  interfaces  are 
at  the  next  level;  the  Servo/Navigational,  Auto foe us /Exposure/Tine 
and  Video  Processor.  The  ssytem  disc  has  the  next  lower  priority 
followed  by  the  system,  CRT  console,  the  data  logger  and  finally 
the  line  printer. 

3. 2. 6.1  Memory  Assignment 

Memory  mapping  for  all  software  programs  is  performed  with 
HP's  RTE-III  (Real  Time  Executive)  system.  The  computer  can 
address  only  32  pages  of  memory  at  one  time.  The  LOREORS  system 
has  64  pages  of  memory  which  are  subdivided  into  a  common  memory, 
accessable  to  all  programs,  a  resident  memory,  only  for  the 
computer  and  a  System  Available  Memory  (SAM) ,  only  for  LOREORS 
systems  programs. 

3. 2. 6.  2  Command  Proaram 

—  ■■  t 

Access  to  the  LOREORS  sensor  System  is  provided  with  a  program 
labled  "LOREO".  To  operate  the  Sensor  the  user  types- 

*RU ,  LOREO 

on  the  CRT  console  keyboard.  An  operator  response  is  then 
requested  by  the  program  with  a  prompting  statement  appearing 
on  the  CRT  screen,  such  as- 
SYSTEM  COMMAND? 

Acceptable  operator  responses  are  listed  in  table  3. 2. 6-2, 

Command  Summary  Table.  The  complete  command  word  may  be  typed 
in,  however,  the  computer  responds  only  to  the  first  two 
characters.  When  an  illegal  command  (not  included  in  the  command 
set)  is  keyed  in  it  will  not  be  recognized  and  the  following 
error  message  will  be  displayed: 
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INPUT 
8  BIT 


0-11 

12-32 

33-48 

49-60 

59-69 

70-76 

77-82 

83-87 

88-91 

92-95 

96-98 

99-101 

102-104 

105-106 

107-108 

109-110 

111-112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 


OUTPUT 
6  3IT 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 


INPUT 
8  BIT 


129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144-145 

146-147 

148-149 

150-151 

152-154 

155-157 

158-160 

161-164 

165-168 

169-173 

174-179 

180-186 

187-195 

196-207 

208-223 

224-255 


OUTPUT 
6  BIT 


33 

34 

35 

36 

37 
3  8 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 
55' 

56 

57 

58 

59 

60 
61 
62 
63 


TABLE  3. 2. 5 -6 
3  TO  6  3IT  COMPRESSION 
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As  the  title  implies  the  UNSHARP  data  are  subtracted  from  the 
CENTERDATA  which  tends  to  emphasize  video  level  changes  or  enhance 
high  frequency  data.  These  new  data,  lab  led  "SHMUNS"  data,  are 
transferred  to  an  8  to  6  bit  Converter  circuit. 

3. 2. 5. 4. 7  8  to  6  Bit  Converter 


The  function  of  the  8  to  6  BIT  CONVERTER  is  to  compress  the  8  bit 
SHMUNS  data  to  6  bits.  This  compression  is  necessary  because 
the  capacity  of  the  tape  recorder  is  limited  to  6  bits  per  pixel. 

This  function  is  performed  with  a  256  x  6  PROM  programmed  as  per 
Table  3. 2. 5. -6  below.  The  8  bit  SHMUNS  data  are  used  as  the 
address  for  the  PROM.  The  6  bit  output  (herein  referred  to  as  SHARP) 
of  the  PROM  is  formatted  and  then  recorded  on  three  adjacent 
channels  of  the  tape  recorder.  This  SHARP  signal,  and  the 
UNSHARP  signal  recorded  on  channel  19,  are  used  by  the  ground 
station  to  reconstruct  the  airborne  picture. 


3.2.6 


Control  of  the  LOREORS  System  has  been  totally  automated  and 
programmed  for  operation  under  computer  Control.  The  LOREORS 
Computer  Subsystem  consists  of  an  HP  1000  minicomputer  utilizing 
an  HP  7900,  5  megabyte  disc.  (This  disc  was  selected  because 
of  its  prior  history  of  usage  in  the  aircraft.)  Supporting 
peripheral  equipment  consists  of  an  HP  2645  CRT  terminal  with 
cassette  drives,  an  HP  2631  line  printer  and  several  interface 
configurations  for  the  multiplexers  and  processors  in  the  senscr 
equipment.  One  universal  interface  is  used  to  multiplex  servo  and 
navigational  inputs,  a  second  multiplexes  autofocus,  exposure 
and  time  data  and  a  third  interfaces  the  video  processor  over  a 
EMA  link.  A  breadboard  interface  is  used  to  monitor  the  air 
compressor  operation.  A  Fluke  Data  Logger,  which  scans  the 
Sensor  thermocouples,  uses  an  RS-232C  link  via  an  asynchronous 


interface.  See  fi  cure  '.2.6-1.  --L 
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The  photo  shown  in  photo  sets  4-1  and  4-2  also  help  to 
illustrate  the  pointing  accuracy  achieved  by  the  LOREORS 
system  under  inertial  control. 

The  four  versus  sixteen  integration  pictures  were  taken 
approximately  40  minutes  apart.  In  each  case,  the  test  air¬ 
craft  had  flown  an  octagonal  route  which  required  40  minutes 
to  complete.  On  successive  passes,  the  overall  pointing 
accuracy  to  the  middle  of  a  frame  of  imagery  was  300  feet  at 
15NM.  This  error  is  primarily  accounted  for  by  drift  in  the 
inertial  navigation  unit  on  the  aircraft. 

The  advantage  of  TDI  detectors  in  obtaining  intelligence  infor¬ 
mation  where  film  or  single-line  linear  array  CCD  detectors  could 
not  was  demonstrated  in  the  preceding  test  results  summary. 

The  introduction  of  the  TDI  concept  enables  data  collection  to 
long  ranges,  whare  atmospheric  haze  would  normally  create  a  barrier 
The  integrating  capability  however,  increases  the  camera 
sensitivity  to  uncompensated  motion.  Maximum  integration  time 
for  the  LOREORS  system,  using  64  integrations,  was  50  milli-seconds 
Most  imagery,  taken  within  two  hours  of  noon,  required  16  in¬ 
tegrations  to  produce  half-saturation  in  the  CCD  detector  wells 
(500,000  electrons).  At  this  level,  the  camera  exposure  time  was 
1/80  second.  This  is  about  twelve  times  longer  than  a  film 
system.  At  the  limiting  (NYQUIST)  resolution  of  LOREORS,  11 
micro  radians  per  line  pair,  uncompensated  motions  would  have  to 
be  kept  below  440  micro-radians  per  second  in  order  to  insure  that 
MTF  at  the  limiting  frequency  would  not  be  reduced  by  more  than 
64%.  This  is  about  one  third  of  the  level  achieved  in  a  good 
long  focal  length  film  camera.  Operation  at  64  integrations 
would  require  stabilization  still  four  times  better. 
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TU";  This  fact  was  realized  during  the  design  and  fabrication  of 

LOREORS  and  provision  was  made  for  the  best  gyro  stabilization 
possible  in  three  axes.  By  calculation  of  gyro  errors,  this 
capability  would  still  fall  short  of  that  required  for  16,  32, 
or  64  integrations.  For  this  reason,  a  novel  method  of  stabil¬ 
ization  was  developed  for  use  with  LOREORS.  In  this  system, 
residual  motion  errors  were  detected  using  the  focal  plane  image 
itself.  TDI  detectors  offset  by  one  sample  line  were  placed  in 
the  camera.  Algorithms  were  developed  which  could  sense  image 
motion  in  two  directions  based  on  the  output  from  these  detectors. 
This  signal  was  to  be  added  as  a  correction  factor  to  the  roll, 
pitch  and  yaw  compensation  servos.  This  concept  was  developed 
and  proven  in  the  laboratory  and  built  into  the  LOREORS  system. 

Due  to  time  and  budget  constraints,  however,  proper  test  and 
activation  of  the  system  could  not  be  performed  during  the  course 
of  the  program.  For  this  reason,  resolution  in  the  camera  was 
limited  by  the  stabilization. 

(U)  4.4  CONCLUSIONS 

The  utility  of  TDI  detectors  for  extracting  intelligence  infor¬ 
mation  at  long  slant  ranges  was  readily  proven  by  LOREORS.  The 
resolution  limitation  of  the  system  was  shown  to  be  determined 
by  the  degree  of  camera  stabilization  achieved.  Operational 
variants  of  this  system  can  be  improved  by  introduction  of  the 
electronic  stabilization  technique  and  decreasing  the  camera  f 
number  as  much  as  practical. 
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A  large  TDI  focal  plane  assembly  with  an  optically  contiguous  pixel  format 
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Imaging  Systems  Division 
Fairchild  Camera  and  Instrument  Corporation 
300  Robbins  Lane,  Syosset,  New  York  11791 


Abstract 

A  6144  X  64  oixel  focal  plane  assembly  has  been  constructed  incorporating  six  1024  X  64  Time  Deiay  and  Integration  Charge-Couoled 
Oevices  (TDI  CCDsl  in  a  oeam-sharer  configuration.  The  beam-snarer  approaches  100  percent  efficiency  over  the  format,  compared  to  a 
maximum  50  percent  efficiency  for  a  conventional  beam-splitter  configuration. 

The  TDI  CCDs  have  20  X  20  micrometer  pixels.  The  focal  plane  assembly  is  constructed  so  that  the  pixels  are  contiguous  at  the  optical 
"butt"  between  cnips  to  within  2  micrometers  and  straight  within  a  6  micrometer  error  band  over  the  entire  six  chip  length. 

These  dimensional  accuracies  were  achieved  using  a  precision  alignment  apparatus  developed  for  this  purpose.  In  a  way  similar  to  a 
comparator  microscope,  its  optical  system  provides  simultaneous  overlapping  fields  of  view;  one  incorporates  fixed  reference  lines  while 
the  other  contains  a  view  of  the  CCD  chips.  A  mechanical  micro-manipulator  is  used  to  provide  precise  control  of  chip  motion  in  three 
degrees  of  freedom  lx,  y,  d)  for  each  of  the  two  CCD  mounting  planes. 

The  modular  focal  plane  assembly  technique  makes  practical  the  fabrication  of  large-format,  gapless  configurations  of  high  optical 
efficiency.  Both  the  assembly  technique  and  methodology  of  subsequent  repair  (replacement  of  chips  after  some  period  of  service,  should 
that  ever  be  required)  are  described  in  detail. 

Introduction 

Electro-optic  imaging  ucmg  charge-coupled  devices  (CCD)  is  finding  increased  application  to  long  range  aerial  reconnaissance  systems.1 
The  CCD  has  a  greater  dynamic  range  than  film  which,  when  coupled  with  electronic  video  processing,  permits  contrast  enhancement  and 
subsequent  image  rendition  well  beyond  the  capabilities  of  film.  High  sensitivity  of  the  CCD  in  the  near  infrared  spectral  region  provides 
haze-cenetration  as  well.  Moreover,  imagery  can  be  obtained  in  essentially  real  time  at  remote  ground  stations  through  telemetry.  Time 
deiay  and  integration  (TDD  techniques  permit  the  application  of  CCD  sensor  systems  to  low  light  level  scenarios.  2 

Current  CCD  faorication  techmaues  impose  practical  limits  on  the  number  of  photo-elements  (pixeisl  that  a  single  monolithic  device 
may  nave.  This  limitation  derives  from  the  "yield"  of  the  manufacturing  process.  While  large  silicon  wafers  can  be  fabricated,  the  yield 
of  satisfactory  CCDs  from  these  wafers  becomes  vanishingly  small  as  the  length  and/or  area  of  the  individual  CCD  increases. 

The  TDI  CCD  used  in  the  fabrication  of  this  focal  plane  has  1024  pixels,  each  20  X  20  rmcrometers.3  Reconnaissance  systems  require 
many  times  this  number  of  pixels:  these  requirements  can  only  be  met  by  assembling  many  devices  into  a  focal  plane  that  approaches  the 
eouivaient  of  a  single  large  monolithic  CCD. 

The  beam-sharer  focal  plane 

Several  techmaues  exist  for  assembling  a  series  of  linear  CCD  arrays  into  a  focal  plane  to  form  an  effectively  contiguous  line  of  photo- 
eiements.  These  tecnniques  may  be  categorized  as  mechanical,  electronic  or  optical  butting. 

In  mecramcai  putting,  the  CCDs  are  placed  physically  next  to  each  other,  end  to  end,  on  a  common  plane.  To  accomplish  this  each  CCD 
must  nave  near  perfect,  active  pixels  at  its  extreme  ends.  The  current  state-of-the-art  in  CCD  ‘abrication  is  not  capable  of  producing  such 
CCDs.  Thus,  a  mecnamcaily  butted  focal  plane  will  have  two  or  more  defective  or  missing  pixels  at  each  putt. 

in  me  case  of  e'ect'onic  butting,  the  CCDs  are  mounted  on  a  focal  oiane  in  staggered  bilinear  rows  with  tne  end  pixels  aligned  put  dis- 
-  ac°d  "  me  direction  or  image  motion.  The  second  row  'fills  the  caps  '  in  the  first  row  proviaeo  enougn  electronic  ceiav  is  availaDle  in 
me  "orm  of  memory.  -  ns  memory  reauirement  can  be  suite  supstantial,  amounting  to  pernaps  200  or  more  'ines  of  data.  Furthermore, 
me  er‘ect  ve  pixel  contiguity  mav  be  affected  uv  image  motion  and  or  distortion  whicn  may  occur  during  tne  delay  time.  This  is  a  con- 
seuue^ce  of  me  Met  that  eacn  row  is  not  ooticaily  contiguous. 

O-e  common  ooticai  technique  for  achieving  contiguous  pixel  focal  planes  is  the  use  of  a  beam-scinter,  but,  this  forces  ore  to  throw 
■  way  m0ro  man  naif  of  *ne  ,,qnt.  However,  for  optical  systems  with  relatively  mooest  numerical  aperture,  a  oeam-sharer  can  be  usea  vvnen 
jt'i-zes  .  irtua  'v  38  percent  of  the  ught.  The  beam-snarer  focai  oiane  is  shown  in  Figure  1 .  Its  construction  is  similar  to  a  peam-sputter 
except  tnat  tne  usuat  part  ally  reflective,  transmissive  coating  is  replaced  by  alternating  fully  reflective  a  no  transmissive  surfaces.  Thus  tne 
ream  snarer  conserves  nearly  ail  of  the  light. 

~-e  CCDs  ore  cemented  to  the  output  ‘aces  of  the  beam-snarer  fas  In  a  beam-splitter:  -with  me  ast  ana  Crst  pixel  of  successive  CCDs 
vot'cativ  Puttea  to  '  v~-  a  continuous  pixel  focal  plane.  However,  there  is  an  additional  mounting  -eauirement.  The  oixei  bouncarles 
cet.veen  success .ve  CCDs  must  nominally  meuo  with  the  corresponding  boundaries  of  the  reflective  and  mansm'ssive  surfaces. 
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.  "*e  width  of  each  ref'ective  transmissive  surrace  is  nominally  eaual  to  the  active  ohoto-iengtn  of  each  CCD.  This  dimension  is  mooif  tea 
jiian::v  cv  :ne  'ocation  of  the  exit  Duoii  of  the  objective  lens,  the  nature  of  the  optical  system  and  the  Deam-sharer  s  material  ana  dimen¬ 
sions.  3rocer  alignment  is  achieved  wnen  tne  reflective/ transmissive  surface  boundary  ties  on  the  cnief  ray  whicn  reacnes  the  corresoondina 
boundary  oetween  successive  CCDs. 


Boundary  effects  in  the  beam-snarer 


As  shown  m  Figure  2,  tne  beam  which  falls  on  the  boundary  of  the  reflective  and  transmissive  surfaces  is  physically  divided  or  "sDlit". 
The  figure  illustrates  a  oeam  whicn  is  centered  on  the  juncture  resulting  in  50  percent  transmitted  and  50  percent  reflected  iignt.  Consider 
•vnat  happens  wren  a  beam  of  light,  initially  in  the  fully  transmissive  region,  moves  across  the  reflective  boundary.  Starting  at  100  oercent, 
me  transmitted  component  begins  to  diminish  as  the  reflected  component  increases  from  zero.  The  number  of  pixels  affected  by  the 
boundary  aecends  on  the  dimensions  of  tne  beam-sharer  assembly,  the  beam-snarer's  refractive  inaex  and  the  relative  3oerture  or  F  number 
of  the  objective  lens. 


FULLY 

TRANSMISSIVE 

SURFACES 


CCDS  1  &  3  RECEIVE  TRANSMITTED  LIGHT 
CCDS  2  &  4  RECEIVE  REFLECTED  LIGHT 


Figure  1.  3eam-sharing  focal  plane  arrangement. 


Figure  3  shows  the  "shading"  or  relative  illumination  on  each  CCD  in  the  focal  olane  which  results  from  the  bouncarv  effect  ;or  the 
suoiec:  oeam-srarer.  This  oeam-snarer  was  designed  for  an  F  I 2  objective.  Its  cross  secfon  was  one  inch  bv  one  men  rraae  of  ZKN-7  glass, 
.vith  me  CCD  image  piane  0.085"  from  the  surface  of  the  beam-sharer.  It  can  be  seen  m  the  figure  that  only  24  pixe's  at  eacn  ena  of  a 
' C2 4  element  ine  are  affected  at  ail. 

~  are  two  wavs  of  dealing  with  this  "shading".  One  wav  is  to  overlap  the  CCDs  bv  24  cixeis  on  each  sice  of  the  oounoary  ana 
i  ect'cn  co,!'/  r,j.m  the  cutout  video  tor  corresoording  reflected  ana  transmitted  oixei  cairs.  Tu".s  wouic  be  eouivalent  to  conserving 
.*■'  r  me  -mt  with  only  a  s.  ghr  .ncr93se  m  electronic  noise  and  a  slight  loss  of  MTF  for  tne  pixels  near  the  coundarv.  ""he  ome-  way  of 
tva  m  i  .vm  me  boundary  er*ect  -S  to  icceot  the  ''Uht  loss  at  the  boundary  ana  correct  the  shading  py  electron  c  means. 

"‘J  attm  *e'mn,Tje  wn.cn  was  ut'iizea  since  electronic  correction  of  ‘he  CCD  oa r\  signature  and  pnotcresconse  -*or-un:m"",tv 
e^enr-yj,  The  'eiative  ■  ummatior  can  oe  no  worse  man  50  semen*  at  me  boundary  p:xe!s  .-.rich  ^eans  me  s.rma.  ~  tec 
;0  >  -educed  ov  me\  2  at  *"e  nourcary.  There  is  a  sma't  oss  m  MTF  j;onc  me  CCD  axis  *cr  Tr*e  o.xe's  m  me  oouraar.  mgion 
*~e  di».  ,«.on  o;  *me  effect  we  aoerture. 


TD1  CCD  imaaer 


Tue  CCD  used  *n  mi$  ‘ccai  plane  ~as  20  X  20  micrometer  oixels  ana  is  nommaiiy  1024  p.xeis  :onq  with  uo  to  64  steps  or  ~*ec-a:;on. 
-ctu3  v  as  seen  ,r.  Faure  4  t*-e  act  ve  encth  s  1030  cxeis  with  4-1  2  ooacued  oixes  accea  at  eacn  end.  T"e  ooaoueo  ,;:\e  s  vmve  as  a 
tar-:  --Terence  xor  DC  'estcrst'Ch  T^ev  .me  .ocatea  at  both  encs  because  the  output  ‘rar'srer  -egister  can  oe  voci-.ec  n  yme-  ..r-ct  on, 

”'*e  c>  j.rect:on3S  ma",«*er  -easster  with  a  -esettaose  f;oat.nc  gate  amcvf  er  at  eacn  e^c  permits  the  same  CCD  to  ce  „sec  n  ect  or 

*r  ma-sm  ssiph  h  CCD  “3*  sees  m-  ectvd  trt  must  oe  -ctatea  1c0  n  ts  awn  ;:ane  -e  ative  to  the  CCD  ^ 
e  '--ore  so  *' at  me  ”C  ‘  meet  on  comp;  ,:es  vith  me  ejection  of  mage  mot,  on  .as  seen  mrcum  me  ret  •sCfrn  sum  ace  f  ,  r*  ~  -  ^ 

ve'.y:  a  e"  m-  -  m*  'evewa.  n  me  cutout  ,  deo.  *~e  transfer  r*3g,ster  or  me  rejected  CCC  must  be  ciocxea  ?*  j  -ec  o-  .onosite  *p 

--o  man^m.'ttec  CCD. 
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The  reason  ‘or  1030  active  pixels  is  to  provide  3  aaaitionai  pixels  at  each  end  of  the  1024  imaging  pixels.  This  avoids  aoruot  end  effects 
jpg  assures  uniform  crosstalk  at  botn  enas.  Figure  4  also  snows  a  oair  of  fioucial  marks  wmcn  are  aeoosited  during  first  metallization  to 
define  the  1024  image  pixels.  The  fiducials  are  reau;rea  oecause  the  cnannei  barriers  were  ion  implanted  and  the  pixels  tnemseives  are  not 
:i$ible. 

The  numoer  of  integrations  can  be  controlled  by  means  of  exposure  control  taps.  These  taos  permit  1 , 4.  8,  16,  32  or  64  integrations. 

Optics  for  focal  plane  alignment 


The  philosophy  underlying  the  alignment  of  the  CCDs  in  the  focal  plane  was  to  bring  aajacent  fiducials  on  the  CCDs  into  registration 
with  each  other  ana  keep  all  the  fiducials  in  a  straignt  line  by  optical  comparison  to  a  master  reference  line.  Figure  5  shows  the  optical 
system  used  to  accomplish  this  task.  The  beam-snarer  and  a  datum  scaie  containing  the  master  reference  line  are  mounted  parallel  to  each 
other  on  a  sliding  index  plate.  This  plate  is  arranged  to  slide  on  a  flat  work  taole.  Successive  CCD  positions  on  beam-sharer  are  indexeo 
over  vertical  or  horizontal  fine  motion  mechanisms  (micro-manipulators)  used  to  align  the  CCDs.  The  vertical  mecannism  mounts  the 
transmission  CCD  on  the  bottom  of  the  beam-snarer  through  access  holes  in  the  indexing  plate;  similarly,  the  horizontal  mechanism  mounts 
:ne  reflection  CCD  on  the  side  of  the  beam-sharer. 

As  seen  in  Figure  5  wo  microscopes  are  arranged  such  tnat  magnified  images  of  the  datum  scaie  and  the  CCD  can  be  viewed  simul¬ 
taneously  overlaid  on  one  another.  The  illumination  of  each  channel  can  be  separately  controlled  so  that,  one  channel  at  a  time  can  Oe 
viewed,  botn  cnannels  simultaneously  or  each  channel  alternately  in  rapid  succession.  For  example,  when  doing  the  alignment  of  the 
CCD  butt,  only  the  CCD  channel  is  illuminated.  However,  when  the  CCDs  are  aligned  for  straightness  both  tne  datum  scaie  and  CCD 
channels  must  be  illuminated. 


PIXEL  NUM8ER 


r  Tjre  3.  Relative  illumination  as  a  ‘unct.on  of  pixel  number. 
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Figure  5.  Cotical  scnerratic  of  duai  field  microscooe. 
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~  'e  catum  scaie  microscope  'S  essentially  eauivaient  to  the  American  Optical  Microstar®  microscope.  This  type  of  microscope  was 
:esicr*ea  as  a  teaching  microscope  system.  It  offers  the  flexibility  of  easily  manipulating  the  optical  length  ana  system  configurations 
.v mo-jt  cranging  the  magnification  or  reauinng  relays.  The  flexibility  of  the  system  stems  from  the  'act  that  tne  objective  :n  :ms  micro¬ 
scope  .vorKS  w.tn  an  infinite  conjugate.  Thus,  the  tube  length  aoes  not  affect  tne  magnification  as  m  a  conventional  microscope.  An  A-0 
Microstar®  trmocuiar  neac  ;s  usea  with  10X  oculars.  This  head  has  a  Teie-ens  which  rt3Kes  the  nead  equivalent  to  a  teiescope  witn 
iporoximaiely  7X  power. 

Fo r  me  datum  scale  channel,  a  20X  oojective  was  chosen  resulting  m  a  200  power  magnification.  There  is  a  oeam-soiitter  aoove  the 
Objective  wnicn  serves  to  introduce  illumination  to  the  datum  scale.  Further  aiong  the  optical  pain  is  a  cuoe-type  beam-soiitter  wrncn 
compines  tms  ooticai  path  with  tnat  from  the  CCD  focal  plane.  The  remaining  path  •$  a  series  of  mirror  folds  that  permit  the  A-0  head  to 
:;e  mounted  at  a  location  convenient  for  the  operator. 

The  CCD  microscope  channel  required  a  different  design.  Since  the  beam-snarer  was  one  inch  thick,  a  long  working  distance  objective 
is  necessary  m  conjunction  with  a  hign  system  magnification.  A  further  requirement  is  that  the  numerical  aperture  of  the  objective  must 
oe  mgn  enough  to  preserve  resolution.  The  objective  chosen  for  this  channel  combined  a  50mm  F  2  microfilm  lens  with  a  custom 
resign  aoianat-c  corrector  !ens. 

--e  aO'dhat'C  corrector  was  maae  of  a  low  index,  low  dispersion  glass  ana  was  designed  to  correct  the  aoerrations  asscciatea  with  the 
one  men  tmex  ZKlb-7  beam-snarer  > primarily  spnericai,  coma  ana  longitudinal  coiori  as  well  as  residual  aberrations  of  tne  microfilm  tens. 
Supplemental  magnification  was  provided  by  means  of  the  8  X  32  monocular  telescope  adjusted  for  infinity  focus. 

The  overall  magmficaron  in  the  CCD  channel  is  about  280  wnich  is  higher  than  that  of  the  datum  scale  channel.  This  difference  in 
macnir. cation  posed  no  orcptem  in  alignment.  Focus  on  the  datum  scale  is  accomplished  by  moving  the  entire  microscope  assembly  on 
a  /erticai  sude  to  whicn  the  assemoly  is  mounted.  Once  focus  is  achieved,  the  assembly  is  locked  in  place.  An  independent  focus  control 
was  provided  for  the  CCD  cnannei  objective  with  sufficient  range  to  focus  on  the  reflective/transmissive  boundary  anywhere  in  the  prism. 

The  focus  motion  uniformity  ana  perpendicularity  was  held  within  1  micrometer  for  the  35  millimeter  focusing  range.  Tims  accuracy  was 
-eau.rea  to  position  the  edge  or  the  *irst  CCD  being  mounted  under  the  beam-sharer  s  middle  reflective  transmissive  bounaary  as  outlined 
n  tne  focal  oiane  assempiy  procedure. 

■Mechanical  features  of  the  alignment  apparatus 

Tne  table  whicn  holds  the  4ine  moron  mecnamsms.  datum  scale  ana  beam-snarer  mounting  plate  is  itself  mounted  to  the  platform  of 
a  precision  grinding  machine.  This  piatform  provides  gross  motion  in  X  ana  Y  coordinates  suen  that  orthogonality  and  planarity  are  within 
0.0002"  in  12".  The  cual  field  comoarison  microscope  is  mounted  oh  the  vertical  sliae  in  place  of  the  normal  grinding  somale.  Thus,  micro¬ 
scope  focus  is  accomplished  m  tne  Z  coordinate  with  similar  orthogonality.  An  indexed  mounting  plate  on  the  taDle  surface  contains  posi- 
*.on»r,g  blocks  ana  boid-.ng  camps  for  both  tne  datum  scale  and  beam-snarer.  Eccentric  cams  are  crovideu  to  adjust  the  datum  scale  into 
uarai'ensm  with  the  beam-snarer.  Once  the  relationship  of  the  datum  scale  to  the  beam-snarer  is  acnieved.  it  remains  fixed  tnrougnout  the 
i  -gnment  ana  assembly  procedure  'see  Figures  6  and  7). 

The  oeam-sharer  design  requires  CCDs  mounted  in  orthogonal  planes.  Because  of  tms.  duplicate  fine  motion  mecnamsme  were  provided. 
Th o  mechanism  that  mounts  tne  transmission"  CCD  allows  fine  motion  in  the  X.  Y  ana  •*  coordinates  as  tiefinea  in  F  aure  6.  In  addition 
3  two-step  piunce  motion  «s  provided  along  the  vertical  (Z)  axis.  This  permits  loading  tne  CCD  underneath  the  ndexing  plate  3hd  then  plung- 
ng  :-e  CCD  upwards  to  within  a  few  thousandths  of  an  inch  of  the  beam-snare*-.  After  preliminary  alignment,  the  CCD  >s  carefully  moved 
■  mo  sor.nq-  oaaea  contact  with  tne  neam-snarer  face  ana  final  alignment  is  made.  The  mechanism  that  mounts  'he  'reflection"  CCD  pro¬ 
ves  'me  motion  m  X.  Z  ana  •  coordinates  with  a  similar  piunae  action  in  the  v  axis. 

*  -e  mot-cr  m  tne  X,  v  ana  Z  axes  is  controlled  by  a  differential  screw  'or  each  axis.  Fine  angular  motion  «n  the  **  ana  ;  axes  *s 
:7C. iced  py  tangent  screws  operating  ocout  the  Z  and  Y  axes  respectively.  The  vert  cai  iZ)  axis  is  ror^ai  to  tne  transmission  output  face 
of  me  ::e3rr'-snarer  wm  e  me  v  axis  s  mrra  ro  t re  -ejection  output  face.  Motion  of  me  -especrive  CCDs  m  the  Z  or  Y  directions  'tne 
p'unoe  act  on  reT'errec  to  aoove  .  o  ;:er*ormed  by  a  retractable  plunger,  which  provides  soring  loading  to  hoid  the  CCD  acains’  tne  oeam- 
marer  sur*ace.  'r~e  CCD.  wnicn  s  mountec  n  a  cual  n-ime  ceramic  reader  ,s  camped  to  the  enq  of  the  oiunger  snaft  bv  means  of  a  special 
— -eta i  oiate  .v  m  camping  notches.  Tnis  p.ate  ■$  temporarily  attacnea  to  the  base  of  tne  reader  wun  E  K9 1 0  ano  <s  removed  after  assembly 
>  tomo  ete  'see  P  cure  3'. 

coco.  piane  -ssemp  .  v 

---ee  a  7~~'e,v  ;irv”3'°p  m  concern  '-e  accuracy  cf  tot  C3 ■  over  y.:  CCD  to  CCD  m  *  'e  rtutf.  ton  mm  v  *  e  3CDs  3~c 
..  ..  ._-3  ,,rnr  i-’r  !.o  -md  -or  me  m'  re  issempiv. 

~  -e  .:  -mjcnme  s  designed  to  permit  *'3Dr--caton  of  me  *oc3-  one  ossemr.iv  tc  'he  m,:owmq  m,.-  spec*  r.i\ or$ 

2  •memmetem  a:  jver  on  0  ’  ?ixe:  mr  the  suoiect  *oca;  pane  lisempw. 

.‘I  toe  anar-tv. 

3  ■i:rp''',eters  *oto  er-y  nano  *;ev  a?or  Von  a  straiqn*  •-?  m-ouen  *^e  center  ?' 

:  ■-'or  •  e  s“*'  ma  oca:  on  •:*  mo-m:  me  to  the  ecce  of  me  ;;eam-srarer  ‘o  w ,'*-in 
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jc.anaritv 

Th 9  recLiirea  cooianantv  o*  me  CCD  «s  acmevea  by  the  use  of  a  special  ceramic  heaaer  to  wnscn  tne  CCD  cie  is  attacheC.  Figure  10 
mows  a  cross  section  o*  tne  package.  During  tne  faorication  process,  the  heaaer  is  subjected  to  hign  temperatures,  e.g.,  firing  tne  ceramic 
i  >ers  .mu  brazmq  of  me  Dins  ana  moiyoaenum  base.  Once  these  operations  have  been  compietec.  tne  bottom  surface  of  the  molvDcenum 
case  s  urouna  *!at  ana  oaraiiei  to  the  uooer  surface  of  the  moiybcenum  base  which  is  the  oie  attacr  area.  The  too  surface  or  the  ceramic 
‘..•rccu  {rame  s  men  around  fiat  ana  oaraiiei  to  the  bottom  surface  of  the  moiybaenum  oase.  it  is  this  ceramic  wmcow  frame  surface 
mat  naPKs  agamst  me  cutout  face  of  tne  oeam-snarer  thus,  determining  the  CCD  location  relative  to  the  beam-sharer's  surface.  The  co- 
c-arar  tv  acmevea  $  :12  micrometers. 


MOUNTING 

SURFACE 


CCD  / 


r  3.  C»er:3a  of  fiducial  marks  from  2  CCDs.  F'gure  10.  CCD  neacer. 


~~  ra  ~rror  ~3^a 

-  :oec  a  oatu^  scaie  was  prepared,  as  snown  -n  Figure  1 1 ,  which  sen.es  as  a  master  'er’?rence  ;or  me  ouai  field  microscope.  T~e  CCD 
...cj  s  ire  ii.-mec  to  mis  master  reference  to  keeo  the  CCDs  in  a  straight  -me.  The  total  error  band  achieved  ‘cr  me  5.1  -14  pixel  one 
*  :cj.  ire  5  ■  3  micrometers. 

r  :ai  piane  assemolv  Proceaure 


a'er  s  nar.Kea  agamst  tne  locat  no  biocKs  and  ciamoea  m  piace  on  tne  naexea  mount  ed  plate  as  srov.n  r  F-a^reo.  r~e 
ac:?s  are  nomina»!v  centered  over  me  access  acertures  in  me  -coaxed  piste.  This  nsures  adequate  range  o*  me  one  ~'o:.on 
ut  me  nommai  CCD  oost’on.  The  assembly  procedure  >s  outi;nea  oe-ow. 
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Cementing  me  CCDs  ;o  the  oeam-sharer 


After  n 1 1 i 3 1  coarse  positioning  of  the  first  or  any  suoseauent  CCD,  the  indexed  mounting  plate  with  oeam-snarer  is  moved  out  of  the 
wav.  The  CCD  s  -emoveo  Tom  its  clamping  holder  ana  an  ultraviolet  curing,  polvstyrene  adhesive  is  applied  to  the  ceramic  winaow  frame 
srea.  Tne  CCD  s  'eoiacea  in  the  holder  and  the  inaexea  plate  s  returned  to  its  alignment  position.  The  fine  alignment  of  the  CCD  is  then 
completed,  nouowing  this,  the  gross  motion  platform  is  used  to  move  the  entire  assembly  taoie  out  from  unaer  the  microscope.  Ultraviolet 
i.ummation  ,s  then  aopnea  n  order  to  cure  the  aahesive. 

Aiignmg  the  *est  of  tie  CCDs 


Each  suoseauent  CCD  is  tnen  aligned  to  a  previous  CCD  aireadv  cemented  to  the  beam-sharer  using  the  apjacent  overlapped  fiducial 
marKs  as  snown  in  Figure  9.  The  fiducial  at  the  other  end  of  the  CCD  is  then  aligned  to  the  datum  scale  reference  lines  to  control 
paraiiensm. 

The  placement  of  the  other  CCDs  proceeds  outward  in  eitner  direction  from  the  center  in  order  to  split  the  total  accumulated  error  over 
the  entire  3rrav  assembly. 

Femovai  replacement  of  a  CCD 


o  ‘ne  event  that 't  should  be  reouired,  a  removal  tecnmcue  has  oeen  develooed  which  simpiv  involves  clamping  a  silicon  rubber  dam 
3rouna  tne  particular  device  and  filling  it  with  a  solvent.  This  tec.nniaue  nas  been  demonstrated  for  the  prototype  out  nas  not  yet  been 
'eouired  in  practice. 


Conclusion 


Figure  "2  snows  the  first  orototype  beam-snarer  focal  nlane  assembly  with  six  1024  X  64  TDI  CCDs.  The  effective  focal  olane  is  6144 
pixeis  dnq  with  64  integrations.  All  of  tne  design  goais  for  alignment  accuracy  were  met  or  exceeaeo  in  the  orototype  and  subseauent 
assemolies.  The  actual  system  operation  of  the  focal  plane  nas  been  fully  cnaracterizeo. 

Several  advantages  are  realized  with  the  beam-sharer  focal  plane  assemoly.  They  are: 

1.  Hign  optical  erficiencv, 

2.  Tkl  CCDs  are  pre-oacxaqed  and  can  be  fully  characterized  before  application, 

2.  T-e  -‘ccai  piane  assemoly  s  repairable  since  any  CCD  can  oe  removea  and  repiacea, 

4.  Sucn  a  focai  o,are  can  pe  made  to  mciude  a  Urge  number  of  CCDs. 

T-e  design  of  the  alignment  machine  anticipated  the  need  for  longer  focal  planes  in  the  'uture  arc  tne  reauireo  capacity  was  built  in. 
T-is  jmt  -as  proven  to  pe  quite  flexible.  In  recent  months,  n  was  usea  to  assemble  non-orthogonal,  beam-sontter  focal  pianes,  several  of 
.’.men  -ave  now  been  completed  witn  eouivalent  alignment  accuracies. 


a  ck  nowieoaments 


trs  .vis-  'o  'hthK  Fa  inn  ,7iaht  of  raircmic  Imaging  Systems  for  -ne  beam-sramr  concent  ~  w.  J;iO  •.  -  sn  to  t-anx  F 
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Abstract 

The  evolution  of  electro  optical  sensors  has  caused  a  quiet  revolution  in  the  imaging  of  low  contrast  objects.  In  a  practical  sense, 
even  tne  term  "low-contrast'  has  required  redefinition,  since  contrast  ratios  such  as  1.6:1,  which  was  the  official  "low-contrast"  for 
photographic  systems,  no  longer  qualify  as  "low"  for  electro-optical  systems  which,  by  means  of  precise  D.C.  level  background  subtrac¬ 
tion,  can  operate  m  the  domain  of  contrast  ratios  around  1 .01 : 1  and  below.  Since  a  contrast  ratio  such  as  1 .01 : 1  is  below  the  contrast 
resolution  threshold  of  the  eye,  the  invisible  can  literally  be  made  visible.  This  paper  reports  upon  some  of  the  fundamental  constraints 
placed  by  nature  on  the  development  of  such  low-contrast  imaging  systems.  It  further  describes  the  evolution  of  the  specifications  for  an 
advanced  technology  Time  Oelay  and  Integration  (TDD  type  of  area  imagery  Charge  Coupled  Device  (CCDI  which  is  being  developed  to 
meet  present  and  future  needs  for  this  type  of  electro-optical  sensor  system. 

Introduction 

The  goal  of  cemg  able  to  thwart  the  natural  conditions  which  limit  the  usefulness  of  both  vision  and  photography  in  extracting  in¬ 
formation  from  scenes  of  vanishingly  low  apparent  object  contrast  has  been  pursued  with  only  limited  success  for  many  years.  The  use  of 
short  wavelength  cut-off  filters,  for  example,  combined  with  the  long  wavelength  end  extension  of  photographic  film  sensitivity  has 
helped  to  oenetrate  the  veil  in  cases  where  contrast  has  been  reduced  by  wavelength  dependent  (Rayleigh  and  Mie)  scattering.  The  intro¬ 
duction  of  infrared  sensitive  emulsions  carried  this  photographic  approach  about  as  far  as  it  could  go. 

Other  types  of  imaging  systems  operating  both  in  the  visible  and  near-infrared  portions  of  the  spectrum  (classified  as  electro-optical 
imaging  systems  in  this  paper)  and  relatively  long  wavelength  infrared  (FLIR)  sensor  systems  have  been  developed  which  can  detect, 
quantify  and  display  significantly  lower  "contrasts"  than  those  possible  with  conventional  "photography."  The  common  properties  of 
these  systems  which  allow  them  to  perform  at  low  contrast  include  wide  dynamic  range  and  a  high  level  of  linearity.  These  properties  in 
turn  allow  ‘or  subtraction  of  an  absolute  D.C.  background  level;  effectively  A.C.  coupling  carried  to  an  ultimate  extent. 

It  is  not  our  intention  to  discuss  FLIR  systems  at  any  length  here.  It  is  interesting  to  note  in  passing,  however,  that  a  hypothetical 
infrared  system  that  can  "resolve"  (at  or  near  its  geometrical  limit  of  detector  resolution)  a  rather  modest  "least  resolvable  temperature 
difference"  of  0,2^0, against  a  background  of  300°K,  for  example,  is  in  a  very  general  way  essentially  resolving  an  imaqe  with  a  "con- 
fast  ’■atio"  of  ■  or  1 .003: 1  -  a  rather  respectable  goal  for  a  visible  spectrum  electro-optical  imager.  Extrapolation  from  this  ex¬ 

ample  mav  oe  used  n  part  to  forecast  the  future  of  visible  spectrum  low-contrast  imaging. 

As  wnl  be  developed  subsequently,  another  key  to  successful  low  contrast  imaging  involves  the  required  collection  of  sufficient 
quanta  so  that  the  statistical  "noise-m  signal"  can  be  overcome. 

i*  one  considers  a  linear  multi-eiement  photosensor  used  to  scan  a  scene  in  such  examples  as  panoramic  or  strip  mode  cameras  operat- 
ng  ‘rom  an  airporne  platform,  it  can  be  shown  that  the  exposure  times  needed  to  produce  the  number  of  signal  electrons  required  for  a 
-se'ui  s.gnai  to  noise  quickly  places  limns  on  focal  length,  aoerture,  field  of  view,  and  ground  resolution.  The  problem  is  similar  to  the 
ane  cosed  n  the  case  of  a  photographic  camera  forced  to  ooerate  with  an  extremely  narrow  exposure  slit.  Perhaps  not  too  surprisingly. 

answer  -  es  n  the  same  direction  which  would  be  maicated  for  the  film  camera.  Namely,  "open  up  the  slit  width."  In  order  to  ac 
,qmo  sr  '-is  electronically,  a  new  type  of  sensor  chio  is  desired  -  one  in  which  image  motion  and  the  signal  electron  generation  process 
:j"  :>e  essent-aiiy  scat'aily  synchronized.  |ust  as  image  and  film  motions  are  synchronized  in  a  film  camera.  Such  sensor  chips  nave  been 
..'educed  3'madv ,  jno  are  undergoing  continuing  development  for  'ow  contrast  imaging  applications.  The  ruoimentary  principles  of  their 
operation  and  me  development  of  specification  goals  for  a  sensor  of  this  type  are  presented  subsequently. 

Long  Range  Sensing 

ne  -_■•  me  most  probable  applications  ‘or  low  contrast  -maging  systems  is  in  airborne  reconnaissance  where  the  proDlem  is  one  of 
--•3  -  no  use'!,!  nfomation  over  ona  slant  'anges  when  atmospheric  degradation  nas  reduced  the  apparent  detect  contrast  avaiiaoie  at 
-r-t range  pupil  o'  the  system  to  a  very  low  vaiue.  it  is  the  ooiect  of  the  electro-optical  low  contrast  imaging  system  to  -ender  such 

IC-mes  /ISIS  e 

Such  eiecfo  ootica'  hign  resolution  image  sensing  at  long  slant  ranges  through  the  atmosDhere  ;s  encumbered  by  all  of  the  classic 
•vco’e— s  ot  pnotograonic  aerial  reconnaissance  such  as  the  vehicle  stability,  the  necessity  of  thermal  environmental  control,  vipration 
v.  ition  mage  motion  comoensation.  etc.  Some  electro-ootic  sensors  :among  them  oemn  charge  couoled  oevices  or  CCD'sl  are  3tso 
possessed  of  me  ability  to  subtract  a  bacxgrourd  level  from  a  comomation  of  bacxground  plus  signal,  wmcn  permits  them  to  extract 
-te-  ue-ce  from  scenes  m  wn-ch  the  contrast  level  falls  much  below  the  umit  of  detectability  for  conventional  Dhotoarapmc  systems 
•Vh  “  '-suds  ‘rom  jt.'izmg  such  subtraction  techniques  appear  soectacular,  there  s  no  magic.  Functioning  systems  must  obey  funqa 
rmvsicai  principles.  Since  resolution,  contrast  renaipon.  coverage  and  banowidtn  tcnsme-at  ons  '  f  me  system  -,s  m  reco-p  or 
--  i-sm  *  t-e  jcnuired  d.atai  all.  n  a  sense,  "compete”  ‘or  system’s  attenhon,  me  iono  ranae  mace  sens.no  -.modem  .s  seen  to  he  one  o‘ 

•  i.-  -  i  me  —cst  e'hcat  ous  compromise  among  these  several  ‘actors. 
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runaamentai  Performance  L.rmtations 


a:;  ether  things  being  equal.  me  spatial  resolution,  measured  most  conveniently  <n  micro-raaians  oer  line  pair,  available  from  an 
eiectro  ooticai  system  wnl  be  determined  fundamentally  bv  tne  diffraction  aoerture  of  the  ooticai  system  employed.  Also  the  amount  of 
nr:  .vr.icr  mav  oe  couectea  tn  a  given  exposure  time  from  an  ooiect  of  soecifiea  angular  suotense  wnl  be  determined  solely  oy  tne  dia- 
■n-rer  oi  tne  receiving  aperture.  Thus,  wniie  focai  lengtn  may  be  scaled  to  accommodate  a  variety  of  sensors  or  aetector  eiement  sizes,  it 
-e^ams  me  aperture  diameter  alone  wmcn  controls  both  the  potential  response  as  a  function  cf  soatiai  frequency  «n  the  ooiect  space 
“n:cro-r3dians  me  pain  ana  the  amount  ot  energy  collectable  *rom  an  object  of  prescribed  anguiar  dimensions  in  that  object  soace.  It  :$ 
easv  for  confusion  to  arise  about  tms  point,  and  most  imoortant  that  it  be  dispelled  early-on  m  any  system  parametric  design.  Consider  a 
given  circular  diffraction  aoerture  A.  For  inconerent  raaiation  of  a  fixed  spectral  bandwidth  the  response  of  the  aperture  as  a  function  of 
"-'esoiution  '  >  soatiai  freauency)  m  the  obiect  space  (conveniently  measured  in  micro-radians  Der  ime  pair)  is  constant  regaraless  of  the 
meat  lenatn  ana  resulting  F  Number.  As  a  further  example,  let  us  examine  two  ooticai  systems  both  of  aperture  A.  the  first  operating  at 
=  2  w»th  a  sensor  comoosed  of  2  jim  square  detector  elements  and  the  second  working  at  F-40  witn  40  fim  square  detector  elements.  For 
a  given  uniform  ooiect  apparent  brigntness  level,  the  image  illumination  levels  will  vary  bv  a  factor  of  400: 1 .  However,  since  the  larger 
detector  elements  nave  400  times  the  area  of  their  smaller  counterparts,  all  things  being  equal,  an  equal  numtfer  of  photo -electrons  will  be 
generated  cer  detector  ceil  m  eitner  case.  Also,  m  a  strio  or  panoramic  scan  mode,  the  same  anguiar  image  motion  rate  will  result  m  the 
same  maae  "dwell  time"  for  either  detector,  again  resulting  m  equal  photo -electron  generation.  3oth  of  these  factors  (diffraction  limita¬ 
tion  ana  .gnt-cciiection  aonityl  argue  for  use  of  the  argest  permissaDie  collective  aoerture. 

Tfe  'eve i  of  resolution  wnic.n  can  be  achieved  with  a  given  overall  system,  in  addition  to  depending  upon  the  limits  set  ov  the  ooctC3( 
aoerture.  s  ,n  oart  determined  by  the  sensor  characteristics,  uncompensated  image  motions,  ana  the  level  of  correction  of  the  optical  sys¬ 
tem  as  we!1  as  bv  the  degradation  caused  by  vibration  and  the  thermal  environment.  In  addition,  resolution  is.  of  course,  seen  to  be  in¬ 
extricably  intertwined  with  scene  contrast. 

Charge  couoled  device  based  electro -ooticai  cameras,  in  common  with  certain  other  types  of  electro-optical  cameras,  have  an  aovan- 
:aqe  over  practical  fiim  based  photographic  systems  in  that,  because  of  their  large  dynamic  range  and  high  linearity,  it  is  possiole  to 
e-ectromcailv  suotract  a  uniform  background  level  from  the  overall  signal-plus-background.  leaving  the  signal  standing  alone  for  sub¬ 
sequent  amplification  and  display . 

An  inherent  assumption  in  the  establishment  of  feasibility  of  such  a  background  subtraction  scheme  is  that  scattering  media  attenu¬ 
ate  botn  h<qn  and  ’ow  scat 'a!  freauencies  in  at  least  neartv  the  same  wav  and  to  approximately  the  same  deqree.  The  idea  here  is  that  tne 
e“ec:  of  the  scattering  medium  is  to  generally  lower  the  response  function  cu rje  all  over  rather  than  to  lower  it  selectively  at  high  fre¬ 
quencies.  The  first  situation  ts  reoreseotea  by  curves  A,  A A‘*.  etc.  in  Figure  1,  while  the  second  is  snown  as  curve  3.  The  fact  that 
me  assumed  conaition  is  the  more  nearly  true  one  h3$  oeen  demonstrated  m  many  instances  both  for  underwater  experiments  iRef.  1) 
ana  m  tne  atmoscrere.  The  latter  situation  is  probably  best  described  by  Middleton  in  ms  classic  text  Vision  Through  The  Atmos- 
prere  1  Ref.  2)  from  wmch  the  following  brief  quotation  seems  appropriate.  "The  'ground  g»ass  effect'  seems  to  be  founded  on  poouiar 
pens*.  This  was  nrouaht  nome  to  tne  author  a  few  years  ago  when  he  saw  a  newsoaper  illustration  snowing  a  military  exercise  in  the  use 
or  smexe  concealment.  Some  men  were  shown  at  various  distances  in  the  smoke.  Those  nearpy  aoceared  m  snarp  outline,  but  fainter 
si'houemss  of  those  a  iitt'e  ;urther  away  seemed  diffuse.  The  author  was  enough  of  a  sceptic  to  call  the  office  or  the  newspaper  ana  ask 
*c  >ee  tne  pricmal  print,  wnich  was  duly  removed  *rom  tre  file,  and  proved  to  h3ve  been  retouened  around  the  outlines  of  the  more  dis¬ 
tant  ‘  cures  to  maxe  them  look  more  natural/  Was  ever  a  photoqraoher  more  susdicious  of  tne  verac.ty  ot  ms  camera7  It  goes  without 
saving  mat  existence  of  any  ohenomenon  sc  generally  accepted  cannot  be  denied  without  a  good  deai  of  evidence." 

A  zemmoro'ace  exoerience  which  also  illustrates  the  fact  that  high  freauencies  are  transmitted  througn  scattering  media  is  that  of 
. » ewma  me  sun  or  moon  througn  haze  or  fog.  If  the  Obiect  'Sdefinaoie  at  all.  its  eages  are  usually  sharp  'containing  high  soatiai  fre- 
luerciesf  ana  not  "softened"  in  outline  by  the  intervening  scattering  atmosphere.  While  the  scattering  medium  will  transmit  both  hiqh 
jnc  ow  scanal  ‘reauenaes,  it  wii1  do  so  at  sometimes  drastically  reouced  contrast  so  that  tre  eve,  or  conventional  eiectro-ODticai  svs- 
*e‘,'s  wcutd  he  unacig  to  extract  significant  detail  from  the  viewed  scene,  By  utilizing  me  overall  signal -oius  bacxgrouna,  «t  is  possible 
to  subsequently  amoiify  the  signal  so  tna:  the  here-to-fore  invisible  scene  is  maae  visible. 

-mw ever.  ,ust  as  me  diffraction  aoerture  places  an  impossible-to  exceed  limit  on  the  resolution  capabilities  of  an  electro-ooiicai  svs- 

p^vs.cai  prmc  oies  aiso  prescripe  the  lower  ’imtt  of  contrast  whicn  can  oe  perceived  even  with  perfect  suotraction.  The  ability  to  do 
mm  background  subtraction  depends.  *n  a  practical  sense,  upon  the  element  to  element  uniformity  or  the  sensors  coupiea  with  me 

m  naividuail,'  maractenze  and  calibrate  mem.  it  aiso  depends  on  the  uniformity  of  tne  oacxqrounc  itseif  on  a  picture  element 
■  ;  r’.’C’ure--?iorr'ent  pas'3.  r»«mriGue$  for  mixing  crarged  couoieo  device  sensor  elements  uniform .  and  ‘or  calibrating  twem.  have  beer 
-r  co-.'o  me  ire  ~  ryentofy."  But  *:rsf.  et  us  oox  at  problems  associated  with  *me  uniformity  of  tne  backg-ound.  arc  row  m  s 
.ms  me  ’.'■".Sica1  md  ‘or  contrast  renaition 


<s  j  proto  oetectcr  an  a  aer,er3te  orotcm'ecmons  mis  oomt  m  the  rmocess  usua*  v  •'.onst'utes  me  .me  a* 

.~-per  o4  events  taxes  oiace.  -?r  practical  purposes,  me  uncertainty  associated  wm  m“  vji  ■:*  '~otor$  ano  **"•? 
fCtmns  can  be  considered  n  terms  or  i  Poisson  distribution  so  mat  me  jrcerta  nr.  ~*3v  be  *axen  as  me  soujre  'cot 
3  -j|ectrons  aereratec.  T’-’S  men  constitutes  me  snot  no'Sp  of  tne  system  m  j mer  *o  quart. fv  .vat  Jve'  ot  m.?: 

■'e  c.ass  or  system  unaer  nvestigat  on  me  worx  resorted  oy  Scr.ace  Ref.  2  ua?  acp.  eo.  -ir-s  *  s  mown 
:^c*~  as  wouid  be  generated  n  a  unear  sensor  array  ‘Strip  o»-  panoramic!  cjmera.  s.cr.v-*o  ;'oiie  r;t; a  ‘cr 
mose  ’ireets  to  be  mso>ved  50  percent  of  t^e  t.me.  *3  2  6  1  beb.veen  j  s.nge  par  a  no  a  iincie  space  ~-,,?:./*.ncu: 


scu ssi on  we  will  descr  be  suen  j  s.rvj-e  par  of  a  Tri-bar  target  as  3  'eso.jt  cn  y  >ese 

~r  "pixaf"  v'  cn  '“presents  a  s.mie  nrotooeTecfor  S’fe  vtm  n  ;enscr  vry;.  ‘"-e 
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Gening  Enouqn  Electrons 

”'"ie  JDi.itv  to  collect  sufficient  electrons  in  small  enough  detector  sites  to  provide  optimum  resolution  lies  at  the  heart  of  the  overall 
resolution  anc  contrast  rendition  long  range  image  sensing  proL.em. 

Unfortunately,  uncer  manv  of  the  real-world  conditions  addressed  by  the  reconnaissance  community,  there  simply  doesn't  begin  to 
ae  enouqn  ugnt  to  fulfill  me  quanta  requirements  of  eq.  (21  for  low  contrast  imaging,  if  one  uses  a  linear  imager  (a  line  of  photo  oetectorsi 
ana  needs  to  provide  a  combination  of  useful  field  of  view,  resolution  and  electronic  bandwidth.  Solution  to  the  system  problem  re¬ 
volves  simoiv  around  being  able  to  ootain  sufficient  exposure  at  each  photosite  without  unacceptaole  sacrifice  of  system  operational 
parameters. 

The  T.D.I.  Concept 

To  circumvent  the  exposure  problems  inherent  in  linear  imaging  sensors,  the  Time  Delay  and  Integration  (T.D.I.)  mode  of  image  sen¬ 
sor  was  conceived  and  developed.  In  a  way,  this  type  of  sensor  can  be  visualized  as  the  electronic  analogue  of  the  exposure  slit  in  a  strip 
or  panoramic  moae  of  film  camera.  In  the  latter,  an  image  moves  accross  the  exposure  slit.  In  strip  cameras  and  some  (moving  film) 
panoramic  cameras,  the  film  is  moved  in  synchronism  with  the  image  motion.  Thus,  the  exposure  slit  can  be  as  wide  as  the  uncorrected 
mot.ons  of  tne  vemcle  and  the  aegree  of  image  and  film  motion  synchronizer  will  permit.  By  this  means  high  levels  of  exposure  can  be 
ouut  up  as  needed. 

:or  a  description  of  our  electronic  analogue,  reference  is  made  to  Figure  3.  In  this  highly  simolified  diagram  of  a  T.D.I.  sensor  chip, 
tne  architecture  is  composed  of  a  series  of  columns  I  A,  8,  C  etc)  and  rows  (1,2,3  etc).  Each  row  corresponds  to  a  single  photosensor  in 
a  linear  imager.  As  the  image  crosses  the  sensor  parallel  to  the  rows,  the  photo-signal  generated  in  each  pnotosite  is  moved  in  synchronism 
with  the  image  motion  into  the  next  photosite  in  the  row  where  it  is  added  to  the  charge  generated  there  and  subsequently  moved  on  to 
the  next  ohotosite  in  the  row,  etc.  until  the  summed  signal  is  finally  collected  in  a  summation  column  which  C3n  in  turn  be  read  out  as  a 
snift  register  just  as  if  it  were  a  single  linear  sensor. 


F  nur-  3  t  3  !  ntegrat.ng  linear  array  scnematic 
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Figure  4.  A  comparison  of  two  exposure  integrating  systems 


System's  Influence  On  Sensor  Ohio  Design 

~he  most  formidable  impact  of  low  contrast  imaging  system  requirements  upon  sensor  design  is.  of  course,  the  fact  that  exposures 
aaeauate  for  the  development  of  the  needed  signal  levels  has  necessitated  the  use  of  the  TDI  type  of  sensor.  Beyond  this  however,  con¬ 
siderate  sensor  chip  design  detail  is  dictated  by  general  low-contrast  imaging  system  performance  requirements. 

First,  m  order  to  ooerate  in  the  scene  brightness  and  contrast  domain  of  interest.  >t  is  necessary  that  each  photosite  (oixei)  oe  caoaoie 
of  developing  a  charge  of  about  one  million  electrons.  Since  this  value  aiso  forms  a  reasonable  attainaoie  saturation  cnarge  *or  a  sensor 
cnio.  ail  would  aopear  weil  insofar  as  ooerating  with  the  number  of  integrations  (columns  in  Figure  3)  necessary  to  accumulate  tne  desired 
cnarge.  however,  the  perversity  of  nature  presents  us  with  not  one.  but  a  wide  range  of  ;ilummation  levels.  It  is  therefore  evident  that 
one  of  the  first  features  that  our  low-contrast  imaging  sensor  must  have  is  a  variable  numoer  of  integrations  so  that  scene  highlights  can  be 
maintained  at  just  below  sensor  saturation.  This  will  give  the  largest  signal  (best  S  N)  oossible  consistent  with  scene  brightness. 

Since  subtraction  of  background  <D.C.)  from  signal -plus-background  is  an  irtearal  oart  of  the  low-contrast  imaging  process,  account 
ra  for  jnv  sensor  signature  must  be  made  to  a  very  high  level  of  accuracy.  This  manes  it  desireaoie  -  m  *act  practically  manaatory  -  that 
sensor  signature  due  to  variations  in  photosensor  element  area,  responsivitv,  spectral  response,  ana  darn  current  be  minimized  oevond  the 
"ordinary "  variations  in  tnese  variables. 

"'"ose  tvoes  of  requirements  described  above  have  ted  to  the  evolution  of  a  Sensor  Chio  Characteristic  Soecihcation  Goal  for  a  ^  D.l. 
type  cf  sensor  applicable  to  low-ccntrast  imaging  systems.  A  summary  of  those  characteristics  is  presented  in  Figure  5. 
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Summary 


A'e  "ave  snown  the  onysiC3i  basis  wnich  call  for  large  numbers  of  electrons  to  be  generated  in  order  to  make  oossiDie  low  contrast 
electro  optical  imagmq.  .Ve  nave  also  aescribeo  tne  Drmciples  of  ooeration  ana  tne  specified  characteristics  for  a  new  type  of  sensor  cmp 
specifically  mtenaed  for  ow-contrast  imaging  applications. 

Much  remains  to  be  discussed  witn  respect  to  tne  methodology  of  system  development,  including  the  "hows  ana  wnys"  of  such 
aspects  or  the  systems  problem  as  wnat  portion  of  the  "background"  to  remove,  what  background  undulations  snould  be  subtracted,  etc. 
i  t  is  hoped  that  tnese  questions  can  be  the  subject  of  future  communications. 

It  is  safe  to  state,  in  any  event,  that  the  ongoing  developments  discussed  nere  will  further  our  ability  to  penetrate  the  invisibility  cur¬ 
tain  imposed  ov  the  nature  or  very  iow  contrast  scenes. 
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Th*  TOI  Image  Sensor  For  The  LOREORS  Camera 


R.  H.  Dyck 
Fairchild  MOS/CCO, 
Palo  Alto,  CA  94304 


Abstract 

The  design  and  operation  of  a  1024X64  element, 
time  delay  and  integration  (TOI)  image  sensor  will 
be  described.  This  image  sensor  array  has  been 
designed  for  minimum  cell  size  consistant  with  a 
requirement  for  high  signal-to-noise  ratio,  namely, 
a  goal  of  60dB  near  saturation.  Since  an  inherent 
noise  is  the  charge  packet  shot  noise,  the  size  of 
each  charge  packet  near  saturation  must  be  at  least 
106  electrons.  This  has  been  realized  using  a 
2CX20um  element,  a  four-phase  CCD  configuration  in 
the  parallel  array  registers,  and  buried  channel 
CCD  technology  througnout  the  array.  With  four- 
phase  buried  channel  CCD  technology  it  was  possible 
to  achieve  a  charge  handling  density  of  close  to 
1 X 1 0 1 2  electrons/cm2  and  also  have  the  capability 
of  handling  very  small  levels  of  signal  charge 
without  need  for  a  fat  zero  as  would  be  necessary 
with  a  surface  channel  device.  The  active  length 
of  the  array  is  2Q.48nir  (0.806").  Other  features 
of  the  device  are  also  described,  including  elect¬ 
ronic  exposure  control.  Full  device  performance 
has  been  achieved  on  initial  sample  parts;  a  cum¬ 
ulative  charge  transfer  inefficiency  in  each  direc¬ 
tion  of  <  0.1  was  achieved. 

Introduction 

The  Long  Range  Electro-Optical  Reconnaissance 
System  (LOREORS)  is  an  electronic  camera  system 
wnich  incorporates  an  in-line  array  of  line-scan 
CCD  image  sensors.  Each  of  these  image  sensors  is 
a  monolithic  integrated  circuit  (chip)  with  a  reso¬ 
lution  capability  of  1024  elements.  By  making  each 
of  these  elements  a  time-delay-and-integration  (TDI) 
column  with  64  stages  of  integration,  each  image 
sensor  becomes  a  1024X64  element  array.  The  result¬ 
ing  sensitivity  is  64  times  that  of  a  simple  line- 
scan  image  sensor  with  square  elements  of  equal 
size.  This  paper  describes  the  design  of  the  device 
and  presents  some  early  performance  results. 

Configuration  of  the  Image  Sensors  In  the  Camera 

In  oraer  to  obtain  a  continuous  line-scan  image 
from  a  set  of  more  than  one  image  sensor  chip,  it  is 
necessary  to  have  some  method  of  mechanically  or 
optically  butting  the  chips  together.  In  the 
L0RECRS  camera  a  prism  beam-sharer  is  used  to  form 
two  image  planes  such  that  optically  adjacent  chips 
can  be  located  in  different  image  planes.  This 
system  produces  no  loss  of  imagery  at  the  butts 
whatsoever.  The  configuration  is  shown  schematical¬ 
ly  in  Figure  1.  As  can  be  seen  from  this  figure, 
the  nature  of  the  TDI  sensor  is  such  that  if  one 
desires  to  scan  the  output  registers  of  the  devices 
all  in  the  same  direction  in  the  assembled  system 
it  is  necessary  to  have  both  right-handed  and  left- 
handed  devices  since  the  basic  TDI  device  does  not 
have  inversion  symmetry.  The  device  described  here 
can  be  operated  either  as  a  right-hanoed  or  a  left- 
handed  oevice. 


The  TDI  Concept  and  the  Effect  of  Velocity  Error 
In  order  for  a  TDI  column  of  sensor  ele- 
ments  and  delay  elements  to  function  to  maximum 
advantage,  the  image  velocity  must  be  constant  and 
equal  to  the  shift  velocity  of  the  delaying  struc¬ 
ture.  In  practice  this  condition  is  never  exactly 
met;  there  will  always  be  small  differences  in 
speed’and  direction,  as  well  as  changes  in  these 
parameters.  Figure  2  shows  how  MTF  performance 
degrades  as  the  difference  in  velocity  increases. 

In  this  figure,  fn  is  the  Nyquist  spatial  frequen¬ 
cy,  i.e.,  the  highest  resolvable  frequency  for  the 
array,  and  N  is  the  number  of  stages  of  integra¬ 
tion.  From  this  figure  it  can  be  seen  for  example, 
that  if  the  velocities  track  to  +  1%  and  N  =  50, 
the  degradation  is  less  than  13“  over  the  full 
spatial  frequency  range.  In  this  analysis  the 
individual  (square)  element  is  assumed  to  have 
uniform  response  across  its  entire  20um  length  and 
to  be  moving  continuously.  In  the  LOREORS  image 
sensor,  the  first  condition  is  met  but  the  second 
is  not;  the  discontinuous  nature  of  the  motion  is 
described  next. 

The  motion  of  the  Charge  Collection  Site 

Each  moving  cnarge  collection  site  within 
a  CCD  TDI  column  is  defined  at  its  front  and  back 
edges  by  the  position  of  the  crest  of  the  poten¬ 
tial  barrier  for  electrons,  since  that  is  what 
dictates  whether  a  particular  photoelectron  will 
drift  to  one  potential  well  or  to  the  adjacent 
one.  The  LOREORS  image  sensor  employs  a  4-phase 
TDI  register.  The  4-phase  clocking  can  shift 
these  potential  barrier  crests  either  4  or  8  times 
per  cycle,  depending  on  the  specific  clock  timing. 
Figure  3  shows  the  clocking  method  which  produces 
8  shifts  per  cycle;  the  clocking  is  defined  in  the 
figure  by  which  phases  are  low  at  any  time.  The 
figure  also  shows  the  time-averaged  response  pro¬ 
file  of  the  moving  site.  The  loss  of  MTF  at  the 
Nyquist  frequency  for  4  moves  per  cycle  is  2 . 65= 
relative  to  continuous  motion  (Ref.  1);  for  8 
moves  per  cycle  the  loss  is  0.6£.  Thus,  the 
MTF  curves  in  Figure  2  are  accurate  to  0.6%  or 
better  including  the  effect  of  TDI  motion. 

Description  of  the  Trace  Sensor 

A  block  diagram  of  the  image  sensor  is 
shown  in  Figure  4.  It  shows  the  sensor  ar^ay  it¬ 
self,  the  bi-directional  output  register  and  t*'e 
two  equivalent  preamolifiers.  The  unit  cell  of 
the  sensor  array  has  a  saturation  charge  level  of 
sligntly  over  10‘  electrons.  This  provides  a 
shot-noise-limited  signal  to  noise  ratio  (SNR)  of 
approximately  1000:1  near  saturation.  In  an  ad¬ 
vanced  system  like  LOREORS,  where  corrections  can 
be  made  for  array  nonuniformities,  this  high¬ 
light  SNR  sets  the  1'nit  to  low-contrast  image 
detectability.  This  saturation  charge  is  achieved 
with  a  buried  channel  4-pnase  COD  design  provided 
the  clock  waveforms  have  at  least  two  phases  high 


i  J  I 

UNCLASSIFIED 


UNCLASSIFIED 


at  all  times.  The  20um  element  size  is  approxi- 
mately  minimum  for  a  10‘  electron  capacity  unless 
the  basic  CCD/MOS  process  is  substantially  modified 
or  clock  voltages  swings  in  excess  of  approximately 
10  volts  are  used.  However,  the  latter  is  unde- 
sireable  because  of  the  increased  dark  current  that 
results  at  defect. sites. 

Exposure  control  (EC)  gates  are  located  such 
that  the  number  of  TDI  integrations  can  be  adjust¬ 
ed  from  64  to  32,  16,  3,  4  or  1.  By  appropriate 
use  of  these  gates  the  saturation  charge  level  can 
be  kept  near  106  electrons  over  a  wide  scene-to- 
scene  dynamic  range,  thus  providing  a  high  SNR 
over  this  dynamic  range.  These  gates  operate  by 
biasing  any  one  of  them  to  ground  while  all  the 
otner  4-phase  gates  and  EC  gates  are  operating  to¬ 
gether  as  one  4-phase  system  between  two  positive 
voltages,  e.g.,  between  2  and  10  volts.  Thus,  in 
part  of  the  array  electrons  are  clocked  forward  and 
in  the  other  part  they  aiffuse  backward  in  saturat¬ 
ed,  forward-clocking  registers. 

Another  feature  of  this  device  is  a  special 
optical  layer-thickness  design  which  optimizes  the 
broad-band  response  in  the  spectral  range  500-900nm 
for  the  case  of  5000°K  blackbody  illumination 
(Ref.  2).  Spectra  for  the  full  optical  design  (with 
silicon  nitride  both  above  and  below  the  polysilicon 
gates)  and  for  a  simplified  version  of  it,  taken  on 
a  developmental  image  sensor,  are  shown  in  Figure  5. 
These  spectra  correspond  to  broadband  responsivi- 
ties.  for  the  above  illumination  conditions,  of  135 
and  10£mA/w,  respectively.  These  values  represent 
improvements  over  a  typical  previous  device  of  20 
and  505.  '-especti vely. 

The  bi-directional  output  register  has  been 
designed  so  that  only  one  transport  clock  is  re¬ 
quired.  The  circuit  diagram  in  Figure  6  shows  the 
four  required  drive  terminals  for  this  register. 

The  terminal  codes  Indicate  how  these  are  inter¬ 
connected  to  operate  the  device  in  one  direction  or 
the  other;  for  example,  terminal  "0hr/Vhl"  is  to  be 
tied  to  0h  for  right-hand  operation  and  to  Vh  for 
left.  (0h  denotes  the  transport  clock.) 

The  preamplifiers  may  be  described  as  resett¬ 
able  floating  gate  amplifiers;  they  are  shown  in 
Figure  6.  This  very  simple  amplifier  circuit  was 
chosen  in  order  to  obtain  a  high  degree  of  stability 
and  linearity  as  well  as  low  noise.  When  the  float¬ 
ing  gate  potential  is  reset  once  each  line  period, 
the  only  high-freauency  clock  coupling  is  due  to 
the  transport  clock.  By  optimizing  the  value  of  the 
load  resistor  for  the  particular  operating  frequency 
and  the  particular  following  stage  characteristics 
it  is  anticipated  to  achieve  a  minimum  noise  equiv¬ 
alent  input  signal  (NES)  for  a  variety  of  operating 
conditions.  The  NES  at  1  Msps  is  less  than  200 
electrons/pixel  on  first  sample  devices  but  how  much 
less  has  yet  to  be  determined.  At  a  signal  level  of 
SX T 0 s  electrons/pixel  this  preamp  noise  decreases 
the  device  SNR  by  less  than  45. 

*TF  as  a  function  of  wavelength  at  the  Nyouist 
frequency  has  been  estimated  by  measurement  and  is 
typically  >  605  for  wavelengths  less  than  7C0nm, 

4Si  at  SOOnm  and  205  at  900nm.  For  the  case  of 
jn*iltered  5000°<  illumination  the  MTF  is  typically 
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An  Imagine  Test  That  Does  Not  Require  decision 
Image  notion 

This  image  sensor  has  been  evaluated  witn 
the  use  of  a  flash  illuminator.  In  this  test  the 
(TDI)  4-pnase  clocks  are  operated  continuously 
just  as  they  would  be  in  a  TDI  camera,  and  the 
illuminator  is  flashed  once  eve.y  64  or  more  line- 
scan  periods.  The  device  is  illuminated  cirectly 
(without  any  optics),  producing  an  image  of  the 
nonuniformity  pattern  of  the  array  in  two  dimens¬ 
ions.  Such  an  image  is  shown  in  Figure  7.  The 
16:1  aspect  ratio  of  the  image  sensor  has  been 
altered  slightly  at  the  display  to  better  show  the 
details.  This  picture  was  taken  at  close  to  106 
electrons/pixel;  the  total  gray  scale  of  the  pic¬ 
ture  covers  a  contrast  range  of  approximately  55. 
Thus,  there  are  features  visible  here  that  are  of 
the  order  of  15  in  contrast;  consistant  with  de¬ 
sign  calculations,  high  frequency  tempera!  noise 
does  not  appear  in  the  contrast  range,  (line-to- 
line  temperal  noise  seen  in  this  picture  is  kTC 
noise  which  may  be  avoided  by  line-clamping.)  The 
only  clearly  discemable  dark  signal  features  are 
two  vertical  white  lines  on  the  right;  these  are 
25  contrast  features. 

TDI-Mode  Response  Uniformity  and  Dark  Sional 
Uni formi ty 

Since  the  TDI-mode  uses  each  sensor  column 
as  a  single  element,  spatially-smal 1  nonuniform- 
ties  in  both  the  response  and  the  dark  current 
are  averaged  over  each  column.  Thus,  the  major 
nonuniformities  in  a  TDI-mode  image  are  typically 
due  to  long-range  shading  effects  and  to  very 
large  dark  current  "spikes'*.  Figure  8  shows  a 
photoresponse  scan  which  is  seen  to  be  uniform  to 
approximately  +  3»  over  the  length  of  the  device, 
with  local  umTormity  being  much  better. 

The  two  dark  current  "spikes"  causing  the  25 
contrast  lines  in  Figure  7  are  actually  caused  by 
square  elements  with  dark  currents  of  over  20 
times  the  background.  In  the  TDI-mode  the  dark 
signal  output  for  these  TDI-columns  was  less  than 
twice  that  of  the  background. 

Concl usion 

A  1024X64  element  TDI  image  sensor  with  sev¬ 
eral  special  features  has  been  described,  and  low 
contrast  non-TDI-mooe  imaging  has  been  reported. 
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FIG.  3  TDI  ELEMENT  MOTION  IN  THE  A-PHASE  REGISTERS 
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FIG.  4  BLOCK  DIAGRAM  OF  THE  IMAGE  SENSOR  CHIP 
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FIG.  6  CIRCUIT  DIAGRAM  OF  THE  1024X64-ELEMENT 
IMAGE  SENSOR 


FIG.  7  SELF-IMAGE  OF  THE  1024X64-ELEMENT  IMAGE  SENSOR 
TAKEN  AT  HIGH  GAIN  (SEE  TEXT) 


FIG.  8  TO I -MODE  PHOTORESPONSE  UNIcORMITY  the 

SAME  DEVICE  AND  CONDITIONS  OF  FIG.  7 
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APPENDIX  B 

AIRCRAFT  WINDOW  THERMAL  SHOCK 

An  analysis  of  aircraft  window  thermal  effects  was  undertaken 
to  determine  whether  rapid  vehicle  descent  would  cause  excessive 
destructive  forces  with  rapid  temperature  and  pressure  changes. 

Various  methods  for  the  maintenance  of  uniform  temperature  gradients, 
across  the  internal  window  surface,  were  also  investigated.  It  was 
anticipated  that  an  operational  restriction  might  be  required  to 
limit  the  maximum  allowable  aircraft  descent  rate  below  altitudes 
of  10,300  feet  to  protect  the  window. 

Inquiries  were  made  of  various  aerodynamicis ts  and  thermal  experts 
to  ascertain  whether  the  thermal  shock  problem  had  been  previously 
analyzed.  It  was  found  that  these  experts  used  contradictory 
assumptions  and  generally  disagreed  on  the  solution  to  this  problem. 
Therefore,  the  task  of  physically  developing  a  realistic  model  and 
selecting  an  appropriate  mathematical  technique  were  addressed. 

A  practical  method  for  calculating  the  window  thermal  stress  was 
•eVolved.  As  a  result  of  the  initial  calculations  the  following 
results  wer  obtained: 

Descent  Time  Maximum  Tensile  Inner  Surface 

'From  -45°F  to  J-35°F  Air)  Stress  Condition 


0  Minutes 

2  2C0 

RSI 

13  Minutes 

1300 

?SI 

Convection 

_  '■  V  2,  w  S 

16  0C 

?SI 

3  5 ’F  Air 
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C 3 .  1QREQRS  Flight  Imagery  from  Fliaht  11 

(C)  Imagery  obtained  from  the  eleventh  flight,  flown  on  May  15,  1930 
are  shown  in  prints  C8  through  Cii.  These  prints  are  small 
sections  of  the  original  scans  enlarged  four  times.  The  scale 
in  these  prints,  taken  at  slant  ranges  varying  from  11  to  30 
nautical  miles,  yields  excellent  detail  enhancing  image 
interpretation.  While  there  still  appears  to  be  a  minor 
stabilization  problem  as  evidenced  by  the  the  slight  waver  in 
scan  direction  edges,  the  accurate  reproduction  of  minute  detail, 
such  as  the  lines  in  the  parking  lot,  is  impressive.  Compression 
of  the  contrast  range  by  attenuation  of  the  low  frequency 
background  signal  greatly  increases  the  information  content  in 
these  prints. 

(C)  Print  C8  slant  range  is  28.7  MM,  print  C9  slant  range  is 

30.5  NM,  print  CIO  slant  range  is  11.4  NM,  and  Print  Cll  slant 
range  is  28.3  NM. 
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C2 .  LCREORS  FLIGHT  IMAGERY  FROM  FLIGHT  3 

(C)  Imagery  samples  from  the  third  flight  flow  on  April  5,  1980 
are  included  as  photos  C5  thru  C? .  C5  imagery  was  taken 
of  scenes  around  Wright  Patterson  at  altitudes  of  10,000  and 
C6  &  C7  were  taken  around  WPAFB  at  29,000  feet.  The  higher 
altitude  scenes  were  taken  at  a  mid  frame  range  of  45  nautical 
miles.  It  was  estimated  that  the  scene  contrast  at  which  these 
photos  were  taken  was  down  around  1.000:1. 

(U)  The  FMC  problem  has  been  cleared  up  and  the  skewed  scan  has 

been  eliminated,  but  it  is  apparent  from  the  "Atlantis"  effect 
(the  buildings  appear  to  be  sinking)  we  still  had  stabilization 
problems . 

' C)  At  the  lower  altitude,  at  a  range  of  10  nautical  miles,  enlarge¬ 
ments  of  the  imagery  appear  steadier. 
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APPENDIX  C 

Cl.  FLIGHT  TEST  IMAGERY 

(U)  Representative  examples  of  the  imagery  resulting  from  the 

flight  tests  are  presented  in  this  section.  As  the  hard  copy 
images  are  scanned,  from  the  flight  test  which  started  in 
March  1980  and  continued  through  June,  the  progressive  improvement 
in  the  image  display  is  evident.  Seventy-three  hours  of  flight 
time  was  logged  during  these  tests  and  useable  results  were  returned 
almost  all  missions. 

(U)  Examples  of  thie  initial  flight  test  imaging  are  shown  in  the 
prints  labeled  Cl  through  C4 .  The  first  mission  was  flown  on 
March  6,  1980  at  an  altitude  of  10,000  feet  with  image  scanning 
ranging  from  7.5  to  13  nautical  miles.  Although  the  visibility 
was  not  measured  there  was  some  cloud  cover  present.  On  this 
first  flight  the  sensor  scanned  the  scene,  however  the  FMC 
malfunctioned  and  the  rear  bearing  was  not  operating  properly. 

These  problems  are  evidenced  in  the  prints  as  skewed  scan. 

(U)  The  photographic  quality  in  these  first  returns  were  not  up  to 
par,  but  these  prints  did  contain  an  impressive  amount  of  detail. 
Telephone  poles  and  fence  stakes  could  be  ascertained.  Buildings, 
mostly  single  family  homes  and  some  barns  show  up  with  door  and 
window  details.  From  these  typical  details  the  resolution  in  these 
photo  were  estimated  to  be  in  the  range  of  three  feet  per  pel. 

■'V)  Photo  print  C2  is  an  enlargement  of  an  area  of  photo  print  Cl 
and  photo  print  C4  is  an  enlargement  of  photo  print  C3. 


109 


UNCLASSIFIED 


UNCLASSIFIED 


This  design  approach  was  implemented  as  follows: 

Strip  heaters  were  oriented  in  4  bands  around  the  sensor  window  frame. 
Each  band  is  separately  controlled.  In  addition,  provision  is  made 
to  mount  low  thermal  inertia  heaters  in  tthe  1-1/2"  gap  between 
the  windows,  should  heat  in  this  area  prove  beneficial.  The  gap  is 
vented  to  the  aricraft  ambient  air  through  a  dessicant  canister. 

To  help  raise  the  temperature  of  the  inside  sensor  window  surface, 
the  cooling  air  flow  in  the  scan  head  is  reapportioned  to  include 
a  larger  flow  rate  in  the  window  area. 

Fittings  are  also  to  be  installed,  together  with  adjustable 

air  jets  to  allow  the  introduction  of  compressed  air  from  the  air 

% 

bearing  compressor  into  the  1-1/2"  space  between  the  windows  for 
the  purpose  of  momentarily  mixing  the  air  in  the  gap  to  break  up 
convection  air  currents  immediately  prior  to  scanning.  Final 
optimization  of  the  heat  balance  of  the  sensor  window  and  timing 
of  air  mixing  was  determined  during  flight  test. 

The  external  window  frame  was  fabricated  from  reinforced  fiberglass 
material  for  thermal  insulation  purposes.  A  preliminary  design 
using  glass  cloth  per  MIL-C-9084  class  2,  Type  VIII  and  an  epoxy 
resin  per  MIL-R-9300,  type  1,  class  1  was  approved.  Fiber 
glass  was  an  acceptable  material  for  the  proposed  design. 
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pressure  between  the  two  windows.  This  was  found  to  be  unacceptable 
in  the  design  configuration  because  a  large  pressure  differential 
would  exist  across  the  thin  window  nearest  the  camera. 

The  pressure  differential  problem  could  be  overcome  with  a  design 
which  placed  a  one  inch  window  on  the  outside  and  a  3  1/2  inch 
window  facing  the  camera.  A  separation  of  0.225  inch  would  be 
maintained  between  the  windows  and  this  volume  kept  in  pressure 
equilibrium  by  the  pressure  outside  the  aircraft.  This  configuration 
was  analyzed  with  an  additional  degree  of  freedom,  namely,  the 
nature  of  the  gas  occupying  the  space  between  the  windows.  With 
dry  air  filling  this  space  at  a  pressure  equivalent  of  40,000  feet 
(  3psi)  the  thermal  conductivity  would  be  only  75%  of  that  for 
air  at  10,000  feet  (  llpsi) .  The  advantages  of  other  gasses  are 
seen  by  examining  the  thermal  conductivities  tabulated  below: 


THERMAL  CONDUCTIVITY  K  FOR  GASES  AT  STP 

BTU-FT 


GAS 

MOL  WT/AT  WT 

K  7 

FT  -HR- 

AIR 

- 

0.015 

NITROGEN  (N2) 

28.0 

0 .015 

ARGON  (A) 

38.9 

0.01 

FREON  -  12 

121.0 

0.0056 

KRYPTON  (Kr) 

83.  8 

0.005 

XENON  (Xe) 

131.0 

0.003 

Further  analysis  of  the  thermal  characteristics  of  the  aircraft 
sensor  window  design  were  made.  The  model  analyzed  was  as  follows: 

0  1"  thick  outside  window 
°  1/1/2"  air  gap  at  40,000  ft.  pressure 
0  3"  thick  inside  window,  and 

3  heated  mounting  frame  at  S53F,  7Q3F  and  35°F. 

This  combination  produced  the  best,  overall  temperature 
trofile  for  the  windows.  . 
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exterior  surfaces  under  all  conditions.  For  the  case  at  hand, 
the  maximum  glass  stress  developed,  after  a  time,  near  the  middle 
of  the  window.  An  initial  prediction  based  on  the  results  above 
indicated  that  the  safe  descent  time  should  be  approximately  one  hour. 

These  analyses  of  the  thermal  gradients  across  the  surface  of  ohe 
aircraft  and  sensor  windows  found  the  temperature  changes  to  be 
within  acceptable  limits  with  the  use  of  the  environmental  control 
system  initially  planned  for  sensor  design.  However,  the  temperature 
difference  between  the  inner  surface  of  the  aircraft  window  and 
the  outer  surface  of  the  camera  window  was  large  and  could  approach 
a  marginal  conditions.  Additional  investigations  of  the  proposed 
design  were  performed  in  an  effort  to  reduce  the  temperature 
difference.  It  was  felt  that  increasing  the  air  flow  on  the 
inner  surfaces  would  alleviate  this  situation. 


Analyzing  the  thermal  characteristics  of  the  thick  Aircraft  and 
thin  sensor  windows  verified  the  existence  of  a  large  temperature 
difference  between  the  inner  surface  of  the  outer  window  and  the 
outer  surface  of  the  inner  'window.  This  temperature  difference 
coupled  with  the  relatively  large  separation  of  the  surfaces 
(  2  inches)  would  cause  convection  currents  that  could  optically 

degrade  sensor  performance.  These  convection  currents  could  be 
eliminated  by  reducing  the  space  between  the  two  windows  to  less 
oh an  1/4  inch.  This  required  mounting  both  windows  in  a  single 
frame  in  the  aircraft  and  orovidincr  a  flexible  boot  to  the  camera. 


CT  3T  5L  dJL 


—  .  or  ^2 


:al  analysis  of  this  configuration  revealed  acceptable  thermal 
ents  across  all  optical  surfaces.  However,  the  glass  surface 
so  oo  the  sensor  was  still  too  cold,  which  would  have  caused 
ction  currents  in  the  scan  head.  This  surface  temperature 
be  raised  by  reducing  the  conductivity  beoween  it  and  the 
de  air  stream.  Conductivity  would  be  reduced  by  lowering  the 


UNCLASSIFIED 


UNCLASSIFIED 


PHOTO  PRINT  C9 
120 

UNCLASSIFIED 


GEOMETRIC  MEAN 
GSD  =  3.6  FEET 


UNCLASSIFIED 


UNCLASSIFIED 


GEOMETRIC  mean 
GSD  =  3.i  FEET 


LOREORS  FLIGHT  TEST  IMAGERY  FROM  FLIGHTS  20,21,422 


(U)  During  the  last  quarter  of  the  flight  test  program  most  of  the 
stabilization  problems  had  been  cured.  There  was  never  a 
serious  problem  with  the  image  acquisition  system,  since  the 
first  flight  high  resolution  imagery  was  obtainable.  The 
lack  of  stabilization  during  imaging  acquisition  caused  the 
ultimate  reproduction  of  the  imagery  to  appear  degraded,  however, 
a  close  inspection  was  fairly  good. 

W*  Samples  of  the  imagery  from  the  last  few  flights  have  been  in¬ 
cluded  as  prints  C12  thru  C14 .  Print  C12  is  an  enlargement  from 
a  scan  taken  at  20000  ft.  at  an  imaging  range  of  9  miles  with  a 
contrast  range  of  1.05  to  1.  The  resolution  of  this  image  is 
demonstrated  by  the. school  in  the  foreground.  (The  building 
is  identified  as  a  school  by  the  swing  set  between  the  buildings.) 
Details  such  as  the  fence  posts  around  the  building,  stop  signs 
and  parking  meters  attest  to  the  resolution  of  imagery.  Print 
C13  slant  range  is  11  NM  and  Print  C14  slant  range  is  36  MM. 
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APPENDIX  D 

GLOSSARY 

Long  Range  Electro-Optical  Reconnaissance  System 

Electro-Optical 

Charge  Coupled  Device 

Time  Delay  and  Integration 

Signal  to  Noise 

Fairchild  Imaging  Systems  Division 

Television 

Video  Tape  Recorder 

Government  Furnished  Equipment 

Laser  Beam  Recorder 

Inertial  Navigation  System 

Critical  Design  Review 

Internal  Research  and  Development 

Photosensitive  Element 

Pixture  Element 

Direct  Memory  Access 

Real  Time  Executive 

Standard  Temperature  and  Pressure 

First  in  First  Out 
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